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10 I, Michael Wayne Graham, state as follows; 

My present position is Principal Research Scientist of Benitec Australia Ltd, one of 
the assignees of the subject application. I am authorised to make this declaration on 
behalf of the apphcants, I hold a Ph.D. in molecular biology and previously worked aa 
a scientific investigator for several other scientific organisations. Now produced and 
shown to me marked MWGl is my current resume and publications list. 



I have read the above-c^tioned application and followed the prosecution thereol I 
understand the Examiner has contended that the specification does not provide 
sufficient working examples that demonstrate that the expression of a synthetic gene 
in a cell results in the delay, repression or reduction of the expression of a target gene. 



to my opinion, a scientist of routine skill, who was ftmiUar with standard methods of 
molecular biology and biochemistry, would have been able to repress, delay or 
25 otherwise reduce expression of a target gene in an animal ceU Jfrom the teaching of the 
specification. 



H 



30 



My colleagues and I have earned out the foUowing experiments which resulted in the 
expression of a synthetic gene or genetic construct in an animal cell causing lie delay, 
repression or reduction (also called "sUencing") of expression of a . target gene. 
mctlxods used in these experiments to generate the data set out below are either in 
substance those taught in the specification or readily availahle to a skilled addressee in 
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the art as at 19 June 1998. 1 refer to the original specification as jSled in June 1998 of 
to this application as the "Specification". 

Co-suppression of Bovine Enterovirus (BEV) in Madin Darby Bovine Kidney 
5 Type CRIB-1 cells in vitro 

CRIB-1 cells (derived from bovine kidney epithelial, cells) were grown as adherent 
monolayers using DMEM supplemented witih 10% v/v Donor Calf Serum pCS; Life 
Technologies). The plasmid pClLBEV2 was constructed as per page 29, lines 6 to 12 
of the specification, and used to generate the two genetic constructs used in this 

10 experiment, pCMV.BEV2.GFP.2VEB and pCMVjaEV2.BGl2.2VEB. Both were 
constructed with an inverted repeat or palindrome of the BEV2 polymerase coding 
region that is interrupted by the insertion of eithex the GFP sequence (see page 32 
paragraph 9 of the specification) or the sequence of the human p.globin intron 2, as a 
staffer fragment, using methods known in the art and as taught in the original 

15 specification. The human P-globin intron 2 sequences were isolated using PCR 
amplification of human gcuonuc DNA to generate the stuffcr fragment using methods 
known in the art and as taught in die original specification. 

To detect a co-suppression phenotype, CRIB-1 cells were transformed with, the 
20 Bovine enterovirus RNA genetic constructs pCMV.BEV2.GFP.2VEB • and 
pCMV.BEV2.BGI2.2VEB* Transformations were performed in 6-well tissue culture 
vessels. Individual wells were seeded with 2 x 10^ CRJB-1 cells in 2 ml of DMEM, 
10% v/v DCS and incubated at 3VC in 5% v/v COz until the monolayer was 60-90% 
confluent, typically 16-24 hr. The following solutions were prepared in 10 ml sterile 
25 tubes; 

Solution A: For each trausfcction, 1 ^ig of DNA (pCMV.BEV2.GFP.2VEB or 
pCMV.BEV2.BGl2,2VEB) was diluted into 100 \lI of Opti-MEM-I 
(registered trademaiic) and; 

30 Solution B: For each transfection, 10 fil of LipbfectAMINE (tradeanark) Reag€?at 
(Life Technologies) was diluted into 100 pi Opti-MEM-I (registered 
trademark). 

Mfchaot Wayne GrBham 
SadalMo.:09/100»ai2 



FREEHILLS CARTER SMITH B 1^003 
BENITEC LTD ^ 03 



23/04 '02 TUE 18:09 FAX 61 3 9^8_j^ FREEHILLS CARTER SMITH B 1^004 



23/04/2902 15:19 +517-321/^7540 • 



BENITEC LTD ' ^ PAGE 04 



004<J3S394 ^ 

The two solutioti5 were combined and mixed gently, and incubated at room 
temperature for 45 min to allow DNA-liposome complexes to form. While complexes 
formed, the CRIB:1 cells were rinsed once with 2 ml of Opti-MBM I (registered 
trademaifc). For each transfection, 0.8 ml of Opti-MEM I (registered trademadc) was 
5 added to the tube contairiiog the complexes, the tube mixed gently, mi the diluted 
complex solution overlaid onto the rinsed GElIB-l cells. Cells were then incubated 
with the complexes at 37*C in 5% v/v CO2 for 16-24 hr. Transfection mixture was 
then removed and the CRIB-1 monolayers overlaid with 2 ml of DMEM, 10% v/v 
DCS. Cells were incubated at 37**C in 5% vA^ CO? for ^proxinnLately 48 hr. To select 
10 for stable transformants, the medium was replaced every 72 hr with 4 ml of DMEM, 
10% v/v DCS, 0.6 mg/ml geneticin. After 21 days of selection, stably transformed 
CRIB-1 colonies wext) apparent. Individual cojonies of stably transfected CRDB-l 
cells were cloned, maintained and stored as described in the previous STcample. 

15 The bovine ^terovirus stock used in these experiments were derived from a cloned 
isolate, K2577. To amplify BEV virus from this stock, cells were infected in 6-weU 
culture vessels with 5 fil of viral stock per well and the virus allowed to repUcate for 
48 hrs. Culture medium was harvested at this time and transferred to a screw-capped 
tube. Dead ceDs and debris were removed by centrifugation at 3,500 rpm for 15 min at 

20 4'C in a Sigma 3K18 centrifuge. The supernatant was decanted into a fresh tube and 
cmtrifuged at 20,000 rpm for 30 min at 4°C m a Beckman J2-M1 centrifuge to 
remove remaining debris. The supernatant was decanted and this new BEV stock 
titred as described below and stored at 4*'C. 

25 To titre virus, a 24-weIl tissue culture plate was seeded with 4 x 10"^ CRIB-l cells in 
800 ^1 DMEM. 10% v/v DCS. The cells were incubated at 37''C in 5% v/v CO2 until 
90-100% confluent From concentrated BEV viral stock, virus was diluted in scrum- 
free DMEM at dihations of 10"^ to lO"^. The medium was aspirated from the CRIB-1 
monolayers and the monolayers overlaid with 800 hI of 1 x PBS and washed by 

30 gently rocking the tissue culture vessel PBS was aspirated &om the monolayers and 
the wash repeated. 200 ^1 of the diluted virus solutions (10'^ to lO*^ was added 
immediately directly onto the rinsed CRIB-1 ceUs using one dilution per well in 
duplicate. The CRIB-1 cells were incubated with BEV for 24 hr at 37"C in 5% v/v 
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CO2 and each well inspected microscopically for cell lysis. A furthet 6OO \l\ of serum- 
jScee DMEM was then added to each well. After a further 24 hr, each well was 
inspected microscopically for cell lysis. The working dilution is the minimum viral 
concentration that kills most of the CRB-l cells after 24 hr and all cells after 48 hr. 

The CRIB-1 cells transformed with pCMV.BBV2.GFP,2VEB or 
pCMV.BEV2.BGI2J2VEB were challenged with bovine enterovirus as follows. In a 
24-well tissue culture plate> 4x10^ CRBB-l cells per well were seeded in tripUcate, in 
800 lil DMEM, 10% v/v DCS. The cells were incubated at 37''C in 5% v/v CO2 until 

10 90-100% confluent. From concentrated BEV viral stock, BEV virus was diluted in 
serum-free DMEM at an appropriate dilution. In addition, the BEV viral stock was 
tested at lOx and O.lx the working dilution (typically 10^ to 10"* fold dilutions). 
Medium was aspirated from the CRIB- 1 monolayers and the cells overlaid with 800 
ill of 1 X PBS and washed gently by rocking the tissue culture vessel PBS was 

15 aspirated from the monolayers and the wash repeated. 200 \il of the dihted virus 
solutions (one dilution per replicate) was added immediately, directly.onto the rinsed 
CRIB-1 cells. The cells were incubated with BEV for 24 hi at 37^C in 5% v/v CO2. 
and each well inspected microscopically for cell lysis. A f\nther 600 ^1 of serum-free 
DMEM was added to each weU. After a further 24 hr, each well was inspected 

20 microscopically for cell lysis. 

To determine whether cells transformed with pCMVBEV2.GKP.2VEB or 
pCMVBEV2.BGI2.2VEB became tolerant to BEV infection (ie demonstrate 
silencing of the BEV polymerase structural gene), transformed ccU lines were 

25 challenged with dilutions of viral stock and ceU survival monitored. To overcome 
inherent variation in these assays, multiple challenges were perfbtmed and Unes 
consistently showing viral tolerance were isolated for further examination. Results of 
these experiments are shown below in the two tables in Annexure MWG2, one table 
each for lines transfotmed with the genetic constructs containing the GFP or BGI2 

30 stufFer fragments respectively, Ttese data showed that viral-tolerant cell lines could 
be generated in this fashion using either construct, although the degree of silencing 
varied between cell lines and between replicate viral challenges. Some cell lines 
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showed consistent survival in repeated challenges, ie strong silencing. In addition, 
cells which survived this viral challenge could be grown up for forther analyses. 

To further define the degree of viral tolerance in fiuch cell lines, the cell line CRIB-1 
5 BGI2 #19> and viral-tolerant cells grown &om cells that survived the initial challenge 
(line CRIB-1 BGI2 #19(tol)), were further analysed using finer scale (3-fold) serial 
dilutions of BEV in triplicate. The results of these experiments are showtx in 
Annexure MWG3. These data showed thai the cell lines CREB-l BGI2 #19 and 
CRIB-1 BGI2 #19(tol) were tolerant to higher titres of BEV than the parental CRIB-1 
10 line. Annexure MWG4 shows micrographs of CRIB-1 cells and a CRIB-1 
transformed line [CRIB-1 BGI2 # 19(toI)] prior to and 48 hrs after infection with 
identical titres of BEV. 

(a) is CRIB- 1 cells prior to BEV infection; 

15 (b) is CRIB- 1 ceUs 48 hrs after BEV infection; 

(c) is CRIB-l BGI2 # 19(tol) ceUs prior to infection with BEV; 

(d) is CRIB-1 BOI2#19(toI) 48 hrs after BEV infection. 



It is therefore apparent that each of the plasmids pCMV.BEV2.GFP.2VEB and 
20 pCMV.BEV2.BGI2.2VEB is a genetic construct (which has a nucleotide sequence, 
BEV2, substantially identical to a target gene, BEV polymerase, in ah animal cell, 
opexably linlced with a promoter) that represses expression of that target geme, the 
BEV polymerase of the viral genome, when it is expressed in the animal cell. 

25 Co-suppression of Tyrosmase in jVfurine Type B16 cells in vitro 

B16 cells were derived from murine melanoma (ATCC CRL-6322) and grown as 
adhernil monolayers m RPMI 1640 supplemented with 10% v/v FBS. Since these 
cells are derived from melanocytes, they noimaUy express tyrosinase and contain 
30 melanin pigment. To demonstrate tyrosinase silencing, genetic constructs were made 
analogous to the constiructs of Figures 13 and 15 of the Specification, but of courae 
using a part of the TYR gene, in a similar manner to Figure 23 of the Specification. 
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First, plasmid TOPO.TYR was generated, by purifying total RNA from cultured 
murine B16 melanoma cells, cDNA was prepared j&om this and a region of flie murine 
tyrosinase gene amplified Ijy PGR using the primers: 

^ TYR-F: GTTTCCAGATCTCTGATGGC 

and 

TYR-R; AGTCCACTCTGOATCCTAGG. 

10 The resultant fragment was cloned into pCR (registered trademark) 2.1-TOPO 
according to the supplier's instructions (Invitrogen) to make plasmid TOPO.TYR. 
Plasmid pCMV.TYR.BG12.RYT was constructed with an inverted repeat, or 
palindrome, of a region of the murine tyrosinase gene that is interrupted by the 
msertion of the same human p-globin intron 2 (BGI2) sequence described above* 

15 Plasmid pCMV.TYR.BGI2.RYT was constructed in successive steps: (i) the human 
BGI2 sequences were cloned into the polylinker of pCMVxass (see Figure 2 of the 
Specification) to generate pCMV.BGIZ (ii) the TYR sequence from plasmid 
TOPO.TYIR. was sub-cloned in the sense orientation as a Bglll-to-BamHI fragment 
into BgUI-digested pCMV3GI2 to make plasmid pCMV.TYRJBGI2, and (iii) the 

20 TYR sequence from plasmid TOPO.TYR was sub-cloned in the antisense orientation 
as a Bgin-to-BamHI fragment into BamHI-digestcd pCMV,TYR.BGI2 to make 
plasmid pCMV.TYR.BGr2.RYT. 

Plasmid pCMV.TYR.TYR was constructed with a direct repeat of the mouse 
25 tyrosinase cDNA sequence, expression of which is driven by the CMV promoter. 
Plasmid pCMV.TYR.TYR was conatnicted by cloning Ihc TYR sequence from 
plasmid TOPO.TYR as a BamHI-to-BgUI fragment into BamHI-digested pCMV.TYR 
(itself constructed by cloning the TYR sequence from plasmid TOPO.TYR kg a 
Bamffl-to-BglH fragment into BamHI-digested pCMV.cass and selecting plasmids 
30 containing the TYR sequence in a sense orientation relative to the CMV promoter) 
and selecting plasmids containing the second TYR sequence in a sense orientation 
relative to the CMV promoter. 
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The tyrosinase silencing phenotype was detected by assaying for reduction of melanin 
pigmentation following insertion of the genetic constructs pCMV.TYILBGnJlYT or 
pCMV.TyR.TYR into murine melanoma B16 cells. Tyrosinase is the major enzyme 
controlling pigmentation in mammals. If the gene is inactivated, melanin will no 
5 longer be produced by the pigmented B16 melanoma cells. This is essentially the 
same process that occurs in albino animals. 

Transfoimations were performed in 6-weU tissue culture vessels. Individual wells 
were seeded with 1 x 10^ cells in 2 ml of RPMI 1640, 10% v/v FBS and incubated at 

10 3TC in 5% v/v 00% until the monolayer was 60-90% confluent, typically 16-24 hr. 
Subsequent procedures were as described above, except that B16 cells were incubated 
with the DNA-liposome complexes at 37'C in 5% v/v CO2 for 3-4 hr only. Individual 
colonics of stably trausfected B16 cells were cloned and 36 clones stably transformed 
with pCMV.TYR.BGI2.RYT and 37 clones stably transformed with 

15 pCMV.TYR.TYR were selected for subsequent analyses. When expression of the 
endogenous tyrosinase gene is reduced, melanin production in the B16" cells is also 
reduced. B16 cells that would normally appear to contain a dark brown pigment will 
- now appear lightly pigmented or unpigmented. 

20 To monitor visually melanin content of tranafonned B16 cell lines, cells were 
trypsinized and transferred to media containing FBS to inhibit trypsin activity. Cells 
were then counted with a haemocytometer and 2 x 10^ cells transferred to a microfuge 
tube. Cells were collected by centrifugation at 2,500 ipm for 3 mins at room 
temperature and pellets examined visually. As can be seen ftom the results 

25 photographed in Armexure MWG5, five of the cloned cell lines txansformed with 
pCMV.TYR-BGEJlYT. namely B16 2 1.11, B16 3.1.4, B16 3.1.15, B16 4,12.2 and 
B16 4.12.3, were considerably paler than the B16 controls. Five clones transfbimed 
with pCMy.TYR,TYR (B16+TyiTyr l.l, B16+TyrTyr 2.9, BlS+TyxTyr 3.7, 
B16+TyrTyr 3.13 and Bl6+TyrTyr 4.4) were also significantly paler than the B16 

30 controls. 

Another assay for measuring target gene (tyrosinase) repression was as follows. 
Specific diagnosis for the presence of cellular melanin can be achieved using a 
inodified Schmorrs melanin staining (Koss 1979 Diagnostic Cytology. Ed. J J. 
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Lippincott), Using this method^ tho presence of laelanin in the cell is detected by a 
specific staining procedure that converts melanin to a greenish-black pigment The 
results of staining with Schmorrs stain coirelated with the simple visual data 
illustrated in Annexure MWG5 for all cell lines. When B16 cells were stained with 
5 the above procedure, melanin was obvious in most cells. In contrast, fewer cells 
stained for melanin in the transformed lines B16 2.L11, B16 3.1.4, B16 .3.1.15, B16 
4.12.2, B16 4.12.3, B16 TyrTyr 1.1, B16 TyrTyr 2.9. and B16 TyrTyr 3.7, consistent 
with the reduced gross pigmentation observed in these cell lines. 

10 Tyrosinase repression in transfonned cell lines was also assessed utilising tyrosinase 
enzyme assays where the DOPA oxidase activity of cell extracts was determined. This 
. assay uses Besthom's hydrazone (3-methyl-2-ben2othiazolinonehydrazone 
hydrochloride, MBTH) to trap dopaquinone formed by the oxidation of L-dopa and 
rate of production of the pink pigment can be used as a quantitative measure of 

15 enzyme levels (Winder and Harris 1991, European Journal of Biochemistry, 198: 317- 
326; Dutfciewicz, et al., 2000, Experimental Eye Research, 70: 563-569). 

B16 cells and transformed B16 cell lines were plated into individual wells of a 96- 
well plate in triplicate. Constant numbers of cells (25,000) were transferred into 

20 individual wells and were incubated ovenaight in RPMI 1640 supplemented with 1 0% 
v/v FBS at 37*C in 5% v/v COz. Tyrosinase assays were p^oxmcd (as described 
below) after either 24 or 48 hr incubation. Individual wells were washed with 200 \il 
PBS and 20 ^1 of 0.5% v/v Triton X-100 in 50mM sodium phosphate buffer (pH 6.9) 
wa:s added to each well. Cell lysis and solubilisation was achieved by fitseze-thawing 

25 plates at -70*'C for 30 min, followed by incubating at room temperature for 25 min 
and 37^C for 5 min. 

Tyrosinase activity was assayed by adding 190 ^il freshly-prepared assay buffer 
(63mM MBTH, l.lmM L-dopa, 4% v/v N,N*-dimethylfotmamide in 48mM sodium 
30 phosphate buffer (pH 7.1)) to each well. Colour formation was monitored at 505 nm 
in a Tecan plate reader and data coUected using X/Scan Software. Readings were 
taken at constant time intervals and reactions monitored at room temperature, 
typically 22'='C. Data were analysed and tyrosinase activity estimated at early tim^ 
points when product formation was hnear, typically between 2 and 12 min. Results 
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were calculated as the average of enzyme activities as measxircd for the triplicate 
samples. Results j&om these experiments" are shown below in Aimcxure MWG6. 
These data showed that tyrosinase enzyme activity was reduced in lines transformed 
with the constructs pCMV,TYRBGn.RYT and pC^f/.TYR.T^ 

5 ^ 

These assays therefore show that each of the plasmids pCMV,rirR.GFP.RYT and 

pCMV,TYR.TYR is a genetic construct (which has a nucleotide sequence identical to 

a structural target gene, tyrosinase, of an animal cell, operably linked with a promoter) 

represses expression of that target gene, the ezxdogenous mouse tyrosinase gene, when 

10 it is expressed in an animal cell. 

Additional Examples 

We then perfonned similar experiments to the two described above on a range of 
1 5 target genes using the target genes^ cell Unes and assays set out in the Table below. In 
these experiments, genetic constructs were generated in the same manner as that 
described above using teclmiques known to one skilled in the art, using the CMV 
promoter in a plasmid, with the same BGI2 stuffer fragment between the two 
palindromic forms of a portion of the synthetic gene which is substantially identical 
20 to the target gene. Plasmid maps of these constructs are annexed as set out in the table 
below. The constructs were Hhm introduced into the animal cell lines as identified in 
the table below and transcribed by the host cell's natural mechanisms. In each case, 
repression of the target structural gene was found, using assays described by others 
and known by those skilled in the art, 

25 
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A brief summary of each assay protocol is set out below, 
5 GalT 

Galactosyl transferase (GalT) catalyses the addition of galactosyl rcsidUBS to cell 
surface protciiw. GalT activity can be moat couvojuioully assayed using a plani lectin 
(IB4), which binds specificaUy to galactosyl residues on cell surface proteins. To 
1 0 detect IB4 binding, fluorescence assays were used. Cells were fixed, then probed with 
IB4 conjugated with biotin (Sigma) followed by streptavidm conjugated FTTC. GalT 
inactivation was monitored using either fluorescence microscopy or FACS. 

HER-2 

15 

HER-2 (also designated neu and erbB-2) encodes a 185 kDa transmembrane receptor 
tyrosine kinase thai is constitutively activated at low levels and displays potent 
oncogenic activity when over-expressed. The level of HER-2 protein in cells can be 
monitored iising antibody probes, fluorescence can be monitored by flow cytometry 
20 or fluorescence microscopy. 

To determine the level of expression of HDER-2 in transformed cell lines, using flow 
cytometry, approximately 500,000 cells grown in a 6-well plate were washed twice 
with 1 X ?BS then dissociated with 500 |il cell dissociation solution (Sigma C 5789) 
25 according to the manufacturer's instructions (Sigma), Cells were, transferred to 
medium in a microcentrifuge tube and collected by ccntifugation at 2,500 rpm for 3 
min* The supernatant was removed and cells resuspcnded in 1 ml 1 x PBS. 

For fixation, ceUs were collected by centrifogation as above and suspended in 50 \il 
30 PBA (1 X PBS, 0.1 % w/v BSA jScaction V (Trace) and 0.1 % w/v sodium azide) 
followed by the addition of 250 ^1 of 4 % w/v paraformaldehyde in 1 x PBS, and 
incubated at 4*»C for 10 rain. To peraaeabilize cells, cells were coUected by 
centrifugatiDn at 10,000 rpm for 30 sec, the supernatant removed and cells suspended 
in 50 ^il 0.25 % w/v saponin (Sigma S 4521) in PBA and incubated at 4^C for 10 min. 
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To block cells, cells were collected by centrifiigation at 10,000 ipm for 30 sec. the 
supernatant removed and cells suspended in 50 ^1 PBA, 1 % v/v FBS and incubated at 
4**Cforl0iniiL 

5 To quantify HER-2 protein, fixed, permeabilized cells were probed with Anti-erbB2 
monoclonal antibody (Transduction Laboratories) at 1/1 00 dilution followed by Alexa 
Fluor 488 goat anti-mouse IgG conjugate (Molecular Probes) at 1/100 dilution. Cells 
were then analysed by flow cytometry using a Becton Dickinson FACSCalibur and 
Cellquest software (B^^on Pickinson). To estimate true background fluorescence 

10 values, unstained MDA-MB-468 cells, and cells probed with an irrelevant primary 
antibody (MART-1, an IgG2b antibody (NeoMarkers)) and the Alexa Fluor 488 
secondary antibody, both at 1/ 1 00 dilutions. 

Similar protocols for fixation and staining were used to monitor HER-2 expression in 
15 cell colonies. 

Cell DeaA 

YB-1 (Y-box DNA/RNA-binding factor 1) is a transcription factor that binds to the 
20 promoter region of the p53 §ene and in so doing represses its expression. In cancer 
cells that express nomaal p53 protein at normal levels (some 50% of all human 
cancers), the expression of p53 is under the control of YB-1, such that diminution of 
YB-1 expression results in increased levels of p 53 protein and consequent apoptosis. 
The murine cell lines HI 0.2 and Pam 212 are two such tumorigenic cell lines with 
25 normal p53 expression. The expected phenotype for co-suppression of YB-1 in these 
two cell lines is apoptosis. 

To monitor apoptosis, live and dead cell numbers were determined by trypan blue 
staining (0.2%) and counting in quadruplicate on a haemocytometer slide, 

30 

CD4 
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CD4 is a cell surface antigen present on the surface of some classes T. ceUs. Its levels 
were monitored by flow cytometry > using protocols similar to those described for 
HER-2. 

5 In addition, other researchers have also shown in work pnbUshed in 2000 . 
that similar constructs (ie plasmid constructs containing a promoter which drives 
expression of structuial gene sequence palindromes) repress target gene expression in 
vitro in animal cells (Yang et al, 2001, . Molecular and CeUular Biology, 21: 7807- 
7816) and in vivo in transformed Dro^opW/a (Tavemalds et al, 2000, Nature Genetics, 

10 24: 180-183 ). 

In addition, we gpneraled a similar construct with the GalT synthetic gene but which 
comprised a directjandraa repeat of the GalT synthetic gene rather than a palindrome 
in the same mamier to the pCMV.TYR.TYR constract described above using 
15 techniques known to one skilled in the art. This construct also repressed expression of 
the structural GalT gene in the same cell line. These experiments all consistently 
demonstrated to us the wide application of the repression techniques described in the 
specijBcatian. 

20 I further declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and further 
that these statements were made with the knowledge and wilful false statements and 
the like so made are punishable by fine or imprisonment, or both, under Section 1001 
of Title 18 of the United States Code, and tiiat such wilful false statements may 

25 jeopardise the validity ofthe application or any patent issuing thereon. 
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CRIB-1 cells transfected with pCMVJB.EV,GFP,VEB (CRIB-1 GFP) 

- no cells surviving 

+ 1-10% of cells surviving. 

-H- 1 0-90% of cells surviving, 

-H-h 90%+ of cells surviving 

nd not done. 
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CRBB-l cells transfected with pClVfV,BEV2.BGl2.2VEB (CRIB-1 BGI2) 

- no cells survivijag 

+ . 1-10% of cells surviving. 

-H- 10-90% of cells surviving. 

•H-i- 90%+ of cells surviving 

nd not done. 
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Specific Double-Stranded RNA Interference in Undifferentiated 
Mouse Embiyoriic Stem Cells 
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Center for Molecular Ophthalnwlo^ Scheie Eye InslUuiej Unnxnity of Pennsyivania School of Medicine,^ 

Wadelphia, I'ennxylv^nifi 

Received IS April 2001/Reiuraed U>x juoditicaiioii 4 iund 2001/Acccptc(l 10 Augnsr 2001 

Sp«dAv mRNA degradation mediated bj double-stranded RNA (djRNA) interference (RNAi) b n puwerful 
>vAy of suppressing gene expression In pUntitp nemHiodes, Had ningal, insccl, and proiozoan systcmj;. Ilomvcr, 
only a few cases of RNAi have been reported fn ni&>Dinalt9n system^. Here, we investigated the feasibility of the 
RNAi stmtegy in several uiammollan cells by using the enhanced green fluorvvcent protein gene h tuixet, 
eiihcr by In situ prodnctfon of ditRNA from tnuuiunt tmnsfecUon 0/ A Dlasinld barl)orlng « 547-bp Inverted 
repeat or by direct Ininsfectlon of dsRNA made by in vitro tmnscriptfon. Several monnnallan cells including 
diSeren tinted enibiyonlc stem (ES) celts did nd exhibit spedAc RNAJ In Iranjiieal tmaafocttun. This lon^ 
dsRNA> however, was capable uf inducing a sequenc^speeilic RNAi for tbe episomai and chromosomaJ target 
gene in andifierentiHted ES cells. dsRNA at 8*3 nM decreased the coguste gene expression up to 70%. However, 
RNAi activily was not permanent because it was more pronounced In early time points and diminished 5 days 
after tran.ircctlQn. XhuSf undifferentiated £S cdb may lack the interferon response, similar to mouse embryos 
and oocytes. Regardlebsi of Ihclr apparent RNAi activity, however, cytoplasmic extracts tram mammalian cells 
produced a «ntall RNA of 21 to 22 nucleotides from the long d^RNA. Our nswult^ su^ifest tfamt raHmmiilian cells 
(nay possess RNAi activity but aontfpttcifie ftCiivation Of tlie intefferon response by longer dsRNA may mask the 
speclAc KNAl* Th» andlngs ot'cr au opportunity to use dsRNA for mhibltion of gene expression in ES cells to 
5ludy diircrcntiation. 



Frequently, inhibition of gene expression has been caused 
noi only by aiUi^enf;e mUNA but aisoi in some cases, by ex- 
pression of sense mRNA which has been used as a control. 
Moreover, thu gene silencing by sense mRNA was shown to be 
secjuence specific for the homologous gene. Tliese Initially 
confusing observations have now been attributed to gene si- 
leocillg by the production of a mimite amount of double- 
suanded RNa (diiRNA) gcneEaied by trnascription of che . 
sense mRNA by its prumoler and Che anttsej^e niRNA by a 
cryptic promoter within the construct (revie;wed in references 
3, 6, 11, 26. 27» and 33), The term RNA interference (RNAi) 
was defined after Qie discovery ttiar Injection of dsRNA Into 
the nematode CaenoHmbditisele^ans led to specific silencing of 
the gone homologous 10 ihe delivered UNA (12). RNAi was 
also obsvcTvcd in fruil Hies, lebra fish, and other animals, in- 
cluding mice (7, 17, 30, 34, 35). The jposttranscriptional gene 
silencing of C. elegatu (18, 19, 28) is closely linked to the 
mechanism of coauppression in plniils and quelling in fUngi 
(14, 21-23, 29). 

Unlike other organisms, accumululioii of very small amounts 
of dsRNA in mammalian cells results ia the Interferon re- 
sponse. This leads to an overall block of translation by Inacti- 
vaiion Of an elongarion factor by protein kinase, lu addition. 



* Currc^udliig auttior. Miiiiing addrcia: DepfiTtineui ot Derma* 
tology snd Cutaneiitui Biolcgy, Oepatraicat of Biochcnnixiry and Mi>- 
lectilar rfaarmaoclogy, JefTcniim Iiisticute of MoIcQilar Medicine, 
Thamas Jeferson University, unJ JeiTersoa Medical College. 233 
South lOth Sirtwl, PhiladcipWa, PA 19107. Phone: (215) 503-5434. ' 
Fax: (215) SU3-578R. E-niiul: kyoA££eua.yoon@TTuiUjii.edii. i 

7807 



dsRNA activates a latent 2'.5'-oligoadenylate synthase and 
increases synthesis of a 2'.5'-oUgoiiucleotide. cnuaing activa- 
tion of RNaso L and nonspecific mRNA degradation. These 
events result in the cnsei of apoplosis in mammalian cells (33, 
16). The natural fimclion of RNAi and cosuppression appears 
to t)« protection of the host genome against invasion by mobile 
geneiic elements Auch &a tiansposons and viruses, which pro- 
duce dsRNA in hcwt ceWa (14, Ift, 20. 27), Such coasidcra lions 
have discouraged investtgatoi-g from using RNaI in mammaliL 
Recently, however, RNAi has been reported in several mam- 
malian systems. Transfeclion of a plasmid carrying the full- 
length pro-al(T) collagen gene into rodent fibroblasts de- 
creased the endogenous pru-al(I) coUagcn mRNA up to 9096 
(1). KNAi activity was also TEportcd in CHO cells, although 
the amount of dsRNA required for interfei'ence waa 2^00 
limca more than in Droiophifa S2 cells (32). Sequence-specific 
RNAi has been demonstrated in the prehnplaniation mou«e 
embiyo and nncytci by direct injection of daRNA (30, 35). 
When dsRNA corresponding to an active green fluorescent 
protein (GFP) gene was injected Into incuse Tygotea, dsRNAi 
was effective thruijghoui the blasiocysi siage and implantation 
until embryos reached 6.5 days of develupmeni, corresponding 
to a 40- to 50-fQld increase in cell mass (35). Witb these 
ilndings. it becomes critical to determine whether RNAi can be 
applied in mammalian (issue culmre for gene silencing. 

The hallmark of RNAi is its specificity. Tlie dsRNA triggers 
a specific degradation of homologous mRNA only within the 
region of idendiy with the dsRNA (37). The ability of a few 
moleculei5 of dsRNA to eliminate a much larger pool of en- 
dogenous mRNA suggests a catalydc or amplification compo- 
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nent to lb© RNAi mechanism. Resulu from studies of Rf^'Ai in 
plants suggested a mech;inism> in which aii KNA-primed RNA 
polymerase can spread gene silencing by dsRNA (2^1). Another 
model involves h culalylic RNA degradation generated by the 
dsRNA molecule ami us yet tmknbwii protein components. 
Recently, dsRNAs were shown to be processed to fimaU 21- 10 
22-bp sizes in Drosophila cmbiyo cxtracUi (10^ 36, 37), cultured 
S2 cclis (2, 15)i and C elegans (24), making it likely that such 
RNAa aorvo aa the apcdfidty dotcnninants in the RNAi rcao- 
don. Ihcsc results suggest that dsRNA molecules arc initiulty 
activated by a process that docs not require iatoractions with 
their cognate mRNA target. Actlvadon would appear to be a 
limiting step in RNAi» as the reaction is saturated at relatively 
low leveli! of dsRKA in vivo (12)| potentiated by preincubation 
with dsRNA (31), and inhibited by excess unrelated dsRNAs 
(3(5). 

Here, we inve.^tigated the feasibility of the RNAi strategy for 
gene .silencing in .several mammalian ccU lines by using the 
enhanced OFl' (BOPP) gene a tai^t. Our resulta show that 
undifferenilated mouse embryonic stem (ES) cells exhibit a 
sequence-apcciflc RNAi at a dsRNA concentration similar to 
that needed in DrosophUa S2 cellii.Wc also compared the abil- 
ity of different mammaluin cell types to degrade dsRNA into 
small pieces of 21 to 22 bp, which is the initial step on RNAi 
activity, 

MATERIALS AND MFIUODS 

Ptumtdf. Witli pBGFP-Ci (Ooatech, Fato Alto, ColiL) u Che template, a 
5A'iAx{i 6zginciit cncndln^ a portion nf the EGFP gene bc^nning from the ATQ 
kturt ciMJun wiw uoiplirttul Ijy pCK wilh ihu pmnftT« S'-OCC QVC CiAf': COT 
ACC TCT AUA ACO CXTT GCX; ATG O'lXi AUC AAO OUC GAG OAGJ' 
and 5'-CCC CCG GOC GCG GCC CTA TTA GCC CTC GAG TAG ATG 
GTC GGC GAG CTG CaC GCT-3'. A Jut of naniction litCA, .Vj/l, TCbal, and 
MhiX At du 5' CRd and KcaK\ Aiid N(3t\ at the 3' end, wcxc liKorpnntcd In cacti 
p/imor. AtUiT mCH impliftcaiitm, \h» 5*7-tip frttpnttnl w«» (HgwieiJ wiih Hoii 
nnd a!|/nf]^tcd. The dimcr of the 347-bp rnvgrncnt was tso}B^ed from (he o^imc 
fiel, puxifiod. Jigatcd to the pGHMT Eany voctor (Fromcga. Maduon. Win), and 
used to traiufcirm EnJuuiehla atti XW^v (Oi^^co-BIll^ n^ickvllte, Md.) etixwpt- 
tcirt cclLi Tlic ^vliidg coloiikj *w« iCrecnwJ tfjv inveiH*»l rapot* by /ejirWofl 
ci)Kym« nnnl>3ls The sequrncc ol the plasmid hartxjring an inveried irpcul 
(pGENTT-dsEGFP) was oonfinncd by DMA Hqucncing. 

To ficnci-alc coittrol UaRNa, a 619-lip fr.ijtmafit encoding a (lattkui ofthci^'Z 
eenc (aideulidui U31 Lo Dcvm the AUG bldrl v-O(tun) wtut AmplUied bjr 
FC'R and lighted to the pG£MT Easy vector. Tha oulunies wtn screened for 
ptasmldi oontainiiTA ihc Insert in the mdac and antiscnso onontatuHin. The 
I^aiiuld |>SCf^T7-N«o, Ancodotg I"? UNA polymcr&^c gei» uiulerihe eo*ntQ\ 

the c^lomcGsdcpanfa (CMV) promoter was a fenennjs gift from M. Billet cr 
(25). The pActio-lacZ and pI^S9-GFP plaamidA, encoding the tacZ and BGPP 
jence (uidcr tlia control of the PnuopHUa promoM for aeiiu ^lUl OpIF.2, 
mpecUvely, w^n scncraos gilts from Givsuiy Hacntm. V>c pCMV-iacZ ptiu- 
mid was purt^aacd from Oontsch. 

hi irattieHption diAKA. Ttic pGEMT-dsROFP cnattnict with an 
inverted repeat rontaiaine o portion of ibc EGFP gcno wm lincaritwl »riih /V'i 
at a unique aitc located ai tbc 3' end of the Inverted rcpcai. Uiing the RiboMax 
laif.c^ila RNA jwoduction syatcin-T? (Prom^eji, Ma<(i»i), Wis.), Ilw iianscriiv 
Liun reactiun was perfumeJ al 37*C £ur 3 b, according to the [i»iiu£iCli*n;r'» 
specificaiioTU. 

Radiolabeled daRNA was generated by incotpmailort of [a-^T^UTP durinfi in 
viirg inifliaipn'on. After parfontiiiig tiw in viiru traosoiption rwiclfoiv RNtia:- 
frcc DNose (Ptorneeo, Madison. Wis.) was added to iha reacdoo mixture at 1 
lS/^Lg of [he template DNA and incubated for 15 mln at 37^ The cranMripi was 
funhfli- piuiflod by cxtmction in phenol-clilnrtifftfin-lwninyl alcohol (15:24:1) 
;ifja c\lmiv\ |>i%eipitailDn, Tho pollct wai WAMietl with 70% elhitoul, UhmI a I 
room lenpcrttiurt, and lenispendcd bi Th byffcr (10 mM Tits (pH 7JJ and 1 
niM EOTA). Tv ileterniino chc foMod ^Lruinvre of the daRNA an aliquot of the 
RNA KunpJe wii dl^Aicd wiog a mimirt t»f RNato A and T, (Ainbion. Austin, 
'lex) ai JTXt ttjit 30 mln and analyzed on 5% noa denaturing and dciutufing 



potyaciyUmidtt jtels contain Ing'IOft Eaimumide and 7 M vnra. Tor d^HNA of Ihe 
gene, pl-rfxmlt) ronlulniog allhcr the acnac or antfacnie tacZ fiagmcnt wbi 
Ihiciirizcd t^ rcstiitnlon enzyme Sail lucuied dc«vni[r«dm the multiple cloning 
aitc The lenso and antlicnie RNAi were generated aepanilvly by hi vif ru tran- 
$er^lun ami urnienJotl (o ^eitcnic ft 7^f}-hp d»RNA fragmenL 

Celt culturt^ Drmcphifa S2 ceU» (generouj jpin trvm G. J. Hanmiii) wtn 
fflaiji la tiled ai 17*C 90% Schneider's inica mcdtum (Gibc^-BRL, Rbclcville, 
Md.) and 10% bcut-mactivAled CeMl bovnie lenim (PBS). Cdta were i^H every 
2 to 3 days to maintain cxponeadai grouih. 11stT7/5 (4), a denvuiive of I)11K-21 
cells ihal e:iprtS9 the T7 nNA pdymeraae (Rcocnnu gift bom M Schnell), were 
mainlainisd lo Dulboccu'a modined Ir'Jiglo's medium (DMEM) uipiUcmented 
with 10% FBS and pcnleUUn-stieptamydn. CHO-Kl ceUi were mamtulned in 
F-12 meJi»io» with 109^ lieat-irtactivAicd FBS. Moaio cmbiyonio atem (BS) cells 
AB2.2 (Stratagene, La Jolhu Oilit) w^e mainlainif J in DM£M Atpplemenlcd 
with 1,250 U of leukemia mhibitoiy factor (UF) (Chwnican, TemecuUi. Calit) 
p£r 15% FBiS, 2 mM gliUamine, 100 mM p-morcafnocthanol, and 1 X nan- 
enentiol asmio adds. Mouse embryonic fibroblast bTO cells (American 'type 
Culture CoDecUon, Rockvillc, Md.) wcio grown to DMEM with 109b FBS. The 
51*0 (bed«r ueib were plaleU on diihesecaiedwiilinLl'Ta C^vp^l) gelatin, uzitad 
with mitoinycbi C (Sigmo, St. Louis, Mo.) at tt nnmnlraltua of 10 ue//til Cot %S h 
at3T*C, and waAcd ihree times with photpbate-butfered caline (PBS), ES Al}22 
cells were pinied onto mltoniydu C3-uc3ted STO (tedcr ccOa andpaaiiagcd every 
2 dayi with a daily chgo^ of cultur? medium. tHtr tjtpartmtnn, ES cell) woro 
kept between 17 and t9 paaaagcs, oounled from ±e time of isdodon of ES cells 
from dia Imiiir call mau of th« bLuoocysn. 

TninsTcdioii. The day before (nnsfeclion, S2 c«|l9 waia plated in a 12-well 
plate (10^ oetU per well). Vaxious oraounla uf the iVi^ineaii^eJ pOliMT- 
daBGFP plaimid or diltNA generated by fn vitro uonEcriptioa »ere combined 
Will* 1 )kg of the cLfgel plaxmid eneodlflft EOFP (pEGFP-Cl) and 1 ^ oC the 
plasmfd encoding ihe TJ KNA polymcwe (pSCft.'i"7.Nini). tn uil tr^iD/eaiofi 
OHporimenta. a corutuit amount of total DI^A. 2 tifr wos maintained by uddiiius 
nf tlie unislatad pUCt? pbumid. DNA wu tran&Tcctod u S2 oclli by ibe calcium 
pliosphale meduxt. The ptoamld ancodlng [^laccoAidMC, pCMV-lacZ, waa 
used aa n cunlxol. CUO-KJ nnd bTO feeder CvlU w«r« ptftte^l in (i 12-wej) plate 
(10* ccUa per well) tbe day before tnmsfection. Varfoin amounts of rhe Pstl' 
liiieari26d i^EMT-ddEGFP [tlaMiid or in vitnMranscribcd d&RKA wai com- 
bined with 1 DLK of the (argel plasnUJ e7lC<Klir>jt FQF? (pHOFP-Cl) ajid \ jig nf 
ihs phsmtd encoding the T7 KNA potymcrrwc (pSC6-'n*Ncu). The DNA itti<- 
lUTc WAi oriuufectBd to odia by addition of 7J ^.g of Lipofectaniiao (Cibcu-UKU 
Roclcvnic, Md.). The aaaic iranircciion protocol waa uicd &r ^sHl/S ceils 
wwpl tb* pSC6-'l7-N«o pbmnid vwi? not addBd, as Bt/r7/5 already wprcMca 
the T7 KNA polymenise (4). 

ES cells were grown oo feeder STO odla, tiypcinized for 3 min. and pipetted 
e»teos]vely to prevent dumping of ctWsL After addition of 5 volumca of ES 
nediumi ccib wcro put bock m Ihe mcubiitur ft>r 45 mio. The majoriiy of cbe STO 
oellB adhere to the plate during tliia tocubatian. and ES cells wer« hnrvesicd from 
the luspciuioa Various ameunta of iho i^Z-llneanzed pGEMT-dsEOPF pl^s* 
mid or dsitNA wec« eomblnad with 1 ii« u( thtt (arftet pfumid encodng EGFF 
(pBGFP-Cl) and I ufi of the plamud cnooding the T7 RNA pulymer^se (t^SCi^ 
T7-Ncfl). Tn all tranifection ocpcrimcniis a coeatant amount of toUil DNAi 5 ^ 
was in.in)Uiintd by addliino of tite unictaied pUC19 plaamld. A iJO-itg M9 
peptide (generoui gilt t^om Scull Diamond) waa then oikled tO (he DNA aolu- 
tion in too ^ of Opd\£EM, and the DNApM9 rabcturc was further Incubuied ttw 
15 min til nwm Icn^nilurd. Lvon^t^n^iftfi (7.5 >jug) wa$ dilmcd in 100 uf 
OptiMEM and added to the ONA-M9 mixture for 43 min. Thu DNA-MQ- 
Ltporcctaminc mnturc waa added to 3 X 10^ ES cdia m raxpcnslon and plated 
in u U'wcU f$lariA-coated plate containing 3 x }Q- STO feeder celU prciieatcd 
wiib mitomydn C (Stgnia, Si. Luuls, Mo.). Ttio same procedare wai t>ied foi 
transfocUoii of ES celb without focdcra except diai ES cells were plated directly 
on gelatin plmo wlihoui STO faeder eellb, uv'ng metlium without UF . 

Qataulltatlon ofEUIT uod p-^chjaida«c aciivitica. AO odhercni cell& were 
hjirv»ted 72 h after tramfcction by waahing widi FBS and .ocraping ccda into 100 
^ uf ivc^U lyure buffer (91 J mM K,HPOa 85 niM ICH^POh. »nd 1 mM 
didiiothreiiol [OTl% Ihe kirvesied «lb were then lubjcctcd to a dry-Icq/ 
^Uianol froczing and thawing at 37X for three cycle* and ccntrifuficd at iZOOO 
ipm Cur 5 min !U 4*C The nipomatant wan juortJ vi - 70*0 unill i^c IVir ES cells 
with feedeiit 72 b flfior transfccCtnn, ccl^ were Itypainized for 5 mhi iind pipdrcd 
exicnnvcly. After uddit ion nf 5 VQlumes uf liS medhim, ccUa were put bade hi Ihe 
ificuharnr for *5 min lu vUow tlt« ^tO ceUa to attach m the plaic Af^ iblii 
piomhire, ES ocUa con3tjt\it«i more than 3S5( of ilk celti in Au^jicnidon. B3 
cellf were inirtsfurcd to a rube» centrifuged. and proeesxed the vmtt wny tn iither 
cells. The prttlein concentration of cell lyaatcs wni meiisured with die iSercr 
rcapnt (fiercty Rookfbrd. OL) in a 96-wcll plain. )>or each lysaie. cbc wme 
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umuunl uf pruletn wna vskO fur tho Auurdscenn? unU ditmlivmxusccacc mcfr- 
suremenls. Flitui«M;eTu:e wtT> meusunU io relalfvt) Hghl ti^l¥ (RLU«) using i 
no-well Uacfc Jlat-bottonicd plnre (Camlne Costar, Cimbriclge, Man,) ud an FL 
600 microplatt reader (Mo-Tck Insiruracni. Wtoocsti. Vt.) wlih KO) <U» rc- 
tlittSHirt inAwftrc on au cncmal pc«ui&) cAmpuicr. which cantmls LJt& rciiOer 
[unctiun uO Ucitn c^ipnure. F-AitKliOQ w^x 91 435 Am with .1 2Q.ntn baad-pDSt 
fther. sad emisiiuxt wu3 ui SlV ma willi a 25-oid baAU-pu» Oiler. Tu acooant for 
ttrc badtground, cAcb fiuarcsccnce reading wai subtracted £roni thai of die 
uniRin«f<^it]d cell lyuic. TIic nunrcflccAco rctdtnft of each fysice wa« nunnulrsed 
ro ihni of Uic jysnte prcpDrvd ttma cells inmsfcwunl without dsRNA. cither 
pCHMT-dnEOFP pl&snild (w lo vftm-trsjuoribod diRNA. 

^Oal*acto«l(JEure ovtiviijr wni ineawircd I17 Itistoehemicat siubing und chemi- 
lummcaccoca Cells were 0ud with i% glutonddcbyde and fuincd widr X-Gal 
siAinirig loluilflrt [(11 M Mdium (ihaiphalc (pH 8.0), I J mM MgCl,, 3 mM 
K^c<CN)fl, 3 niM KjP^^Jti)^ imd 04 mg OT X-Oa* (5-bnnn»4<falon>-3-in- 
dciIyI-fl-&ig«bctQpyruioude) in ATj^Mucthyl formomidc] for ^ h. For dtonillu* 
Duntatucnce mcasutonMilU; c«Jl lys>te( wft/« prepared using the Lumintucont 
p-GaUctosidase Geoetic Reporter System U kit (Utmtech, Palo AlEo, CsUf.). 
T^aroA were analyzed In irfpllcaic by cbamllnmincaocncD tuing tha r^itvai LB 
9507 lurainumcter O^C&C Benhold, B»d Wildb*d, 0«m)any). To aocoum for 
the biLck|;ruund. the cbcmilununesceiioc reading wai aibtmcted fhxn thAt of die 
unirAiMfacled QfiU lysazo. Tio RLUa of cadi lyjutc \»crc iio/iualoced lh;tl uf the 
fysQto prepared Gram cells Iranslccled wtLboul tIsRNA, either pGIEMT-dAECFP 
plaimid or in iritro>trBnscTibed diRNA. 

fluQr«K«iK« tnidrompy of 82 and E3 eaUa. For lluQrcaocncQ microacopyi S2 
CElb (2 X 10* S2 cells/Wetl of a sbHvetl plate) were pint ed and iranafecced widt 
2J ^ of pI^US9-GFP and an incrensing nmotmi. 0. 13, or 3.0 of tho itt 
viLitwiTHniciribed diRKA by iho calcKjm phoaphaie mcihod. B5{ txiis (A x 10^ 
cclfa/WoU of a six-well plale) were mixeJ wfib t^it^ot pCCl'V^Cl plasmld and 
iocrea&ing amounts. QL 1, nod 2 lifi. of tbu in vilnMnnsoibed diRNA and plalcd 
(HI die STO feeder cclla u dcacribcd above. Fluorcsconco oilcmgrAphf w«r4 
laUn 72 h ftfter Unnrfectifln. 

Analytli otKSAby Northern blottbi; in ES rIIi, US cells were tronEfcctcd by 
three iJastuida u dcacnbcd above. Total RNA wai piiriiied by die RKAa^y 
Mtnj kit (Oid^etv Valonelji, Caltf.) and quaniitated by UVstutirb.inee {ii am. 
A total of 25 fLg uf KNA w-jy k»ded into each bn« in ti formiUdebyde 
denaturing agun»B gel, und die Nocthem blulUog was perfonncd using die 
NortbcroMsx kit (Aoibioa, Ausdn, Tex.). The £GFP probe waa a 0.7-]d) fi-a^ 
motiv gc/iciaifid by Nhal aiid Bfs[n rcalrktion oo^aie dlgiuUiin^ or phutmld 
pLCrl'P'Cl, »nU i\w tflcZ probe wtis ti IS kb rni£m«nl prep^ved by /MfU digei- 
don of die pCMV^ocZ ptasmld. The prabea were labeled by |a-^^]dCTP uaing 
die Megapiiroe DNA. Inbcling system (Amcisham, IHBcattw&y, NJ.). A cDNA 
probe oonmpoadinA to the mnuxc p-aclln coding sequence wa| liyt)ri<1feeU ixi n 
control. 

Ccncnflgn of £3 celli with tntcgmtcd EGFP gene tranaftcrUa wtib diRNA. 
and FACS analyiU. To produce BS cdli with an uitcgntcd EOFP craiugana, 
2.5 X AB2,2 cdlx wore vansfcctcd with 6 ^« of Itiica/iKful pdDNA3-LCl'f by. 
M9 lipofbclion. (275 }i^mi) 5«t«aiou wia unrlld 24 b afler tmm-fecdon. 
After 10 days of solection with C4U1, the nrvhrfngCS colonies were eiBinlncd by 
fluoroBocnoe micmaeopy. FIuorDscent cdlcnlea were picked and expanded oc* 
cording 10 oslaliiishod icdinit^ues. The nuoiboi* of uOegrated copiex of |icDNA3- 
UOl-P wub delsmiined by Southern blot unnlyiu udn^ I be EGFF coding region 
oa a probed Several ES eloiieA with a slagte copgr of the EGFP gene were dlCMn 
for USD In ihrt 5mdy. ES cells were needed al 10" eelUAact) of iiDr<wll pbie in Ihe 
pr»ence aitd «ib«Cfi«« <tf tlie (i^vr btyer and trads/^cte^ Vvilh 3 ug of in vitio- 
tmracrlbed dsRNA-EGFP or dsRNA4icZ udng 13 |i£ of Lipofocuuninc 2000 
(GIbco-BRL, Roclcnilc, Md.V Tlu transfccccd cclb wcnc inalnulned with tbily 
chim^ii uf medium and hnrvcbted ut various lime points Iv mensuro GPP fluo- 
cecoenccL Cells were tiypsinaad. cenulAiged. suq)ettded bi ohHIed PBS, and 
Mibjoctod 10 tlunrenccnes-activaicd cell Mtting (FAC!) analyMi aitng a FaCS- 
Cin flow cyiomeier {tuaoa Didtiiison, Situ Jott, Olif.). Idkinnnmil seitinsi 
were adjusted to separate live from dead oells, and fluorescence intcnaliy data far 
2Q,[m live colls wwo collected fo^ each cxpcrlmenEal time poluL Tlu rAlutnp 
levels ol duuresccnue for ULIfereal nimpies were cwmparecl using ibe geomeme 
meana. Instruinent DCttings wore kepr consrant for aU smiiples wiihin each cr- 
jw^tAianr. Data wore tinalyr^d tuing Cell Quest .Software [Bcolnn DiddiUOn). 

Gcncmliun uf Bnall ANA irngniaiU frva dsRNA CVlQpl«smic extriicts were 
Isolated as deaaibed previously (fi). Extracts were prepared &xna ceOi in die log 
pl-cLte or grtktfih, srtd cylopUuimie pMtmlns w«ra axcraclcd in a buddf eoniuinlng 
10 mM H1:PE3 (pH 7.9). 1 J mM MgClb lU mM Ka 0^ niM phenyl mediyt- 
sulfonyl Suoride (PMSF; Sigma, Saint Louis, Mo.], and 0.5 mM DTT (Sigma, 
S^int T/)uH, t^o.). Tlie iloal dialysia wis performed for 12 h in an excess volutao 
of dialydi buiTcr (20 mM llEPCS (pll 7.^ 70% ^lyccmt, liX) mM KXX 0.2 mM 



RDTA, (i2 mM PMSF, sod 05 mM iXiT). The proicm concentranon wa^ 
mei<uiitd by die Bradford away. Cytupliomk: octrucls (10 to 50 rig) were Incu- 
hntcd With 30 mnoJ of rtdlolabcldd dsRNA fur 1 h et 2(fC for S2 cells 01 37*C 
tiir mammalian k-eits. $iand»rd reaction was carried out in a 20-jd reliction 
buBer containing 20 mM HCPES. 2 niM magocaium acmaia, 2 mrA \rvr, 1 mM 
ATP, 40 mM creatine phosphate, and tflO nR ftf cnsaiine pbosphuJdnnse and I U . 
of RNasin (Ainbion, Aattin, Tex,) per ml. After the rcttction, samptej wens 
treated widi proielnaw K (1 mg/rnl)-0J5fc sodium dodcoyi sulfate (SDS) and 
pitripod by phenol-chloroform attraetion. The sttc of lUc diKNA wni eawnined 
by a 1296 denaturing aerylaniido gel. Aftar ciunithiliiin of electrophoresis, ihagel 
WIS statiicd with clhWIium brvmide. The pd wis then fixed In a 30% nuahn- 
i)Ol 1% acetic ndd solution, dried, and exrwscd m X-ny film al -Src 

RESULTS 

Geiicralioii 0/ dsRNA Tor EGFP gene. To generate dsRNA 
in mammalinn cells in situ, we cloned an inverted repeat of a 
ponion of ibe BCrP gene, extending from the ATG codon lo 
nucleotide 547, under the conlrul of the T7 RNA polymerase 
(pCliMT-dsUGF?), Using this plasmJd, we investigated ibe 
feosibiJity of the RNAi Slralc^ for gene alendng in several 
mammalian cells by using the EGFP gene as a target. Two 
stfaiegies were used: (i) in situ production of dsRNA t>y tran- 
sient transXection of three plasmids, the target plasmid encod- 
hig the BGr? gene (pEGFP-Cl), the plaamid haitoring a 
547-bp inverted repeal of the EGFP gene under control of the 
17 promoter (pOEMT-daEGFP), t»nd the plasniid containing 
the '17 RNA polymerase cDNA under the control of the CMV 
promoter CpSC6.T7-Neo) (Fig. lA), and (ii) direct transfection 
of in vitro-traiKcritied dsRNA (547 bp) and the target plasmid 
pEGFP-Cl(Fi8. lU). 

The production of dfiKNA was COnflnncd by in vitro tran- 
scription of the pGEMT-dsEGrP plairaid by the T7 RNA 
polymerase. Nondenacuring gel elecUophoresis revealed a 
transcript of approximacely 550 bp that did noi diHnge in size 
appreciably upon RNaae A and RNaM T^ digestion, consi&t«nl 
with a double-stranded structure (Fig. IC), When the RNA 
WU3 analyzed in a 5% denaturing aciylamide gel (7 M urea- 
40?^ fonnimiidc), expected^ the size of the transcript was 
twice lhai in the nondcnaturing gel (Fig. ID). Upon HNufie 
digesiion, the Jxagment migrated predominantly to 550 nude^ 
otides in den a luring conditions, indicating cleavage at the con- 
necting loop of Ihe folded dsRNA (Fig. ID). Theae results 
confirm die generaiion oC ihts 547-bp dsRNA by transcription 
of the pGElVIT-dsfiGrP plaamid. As a control, dsRNA for 
lacZ (740 l^p) was genemied by annealing the sense and anti- 
sen.ie transcripts (Fig. IE). 

Scquencc-sikccinc gene fiilvncing by production of dsUNA in 
$iiu in S2 ceHjs, To tnveisUEate whether production of a dsRNA 
in situ by pGEMT-dsEGFP plflamid b sufficient to induce 
RNAi, we transfected S2 cells wilh ihrec plasmids: pEGFP-Cl, 
pSC6-T7'Neo, and increasing amounts of pGEMT-<3aEGFP. 
Wlwn this plasmid is colransfected with the gene encoding the 
T7 RNA polymerase under the control of the CMVpromoier, 
ic is expected 10 make dsRNA of 547 bp in mammalian cells. 
To test the spedlicity of RNAi» the plasmid encoding the 
^galactosidasc, pCMV-lacZ, was added instead of pEGFP-Cl 
in (he coauol otpcrimcnti where aU other reagents were kept 
Ibe same. 

Transfection of the pGEMT-dsEGFP plasmid showed a se- 
quence-specific and dosc-dcpcndcnt inhibition of EGFP ex- 
pression (Fig. 2A). In contrust, p-galactosida.<iO oxprcasion was 
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no. 1. Stnleyor fuT generation of dsRNA. (A) ia situ produclion nf UaRKA of EGFP. An inverted repeat of EGFP, starling from the ATG 
aiUtm tu nvclpotldc 547 in che coding regioii. was doiiwl inlo the pGEMT voctor untlcr contral of the T7 jmjnititer (pOHNtT-dsRGFP). RNAi 
aciivity In maiDoiiUiaii cells was (cstcd by transicni trHnsfcction of three plasniidj, tbc target plasmid encoding the EGFP gcnc; the linearized 
pCEMT-dsEGFP, and f lajmici encoding the T7 RNA polymerase cDNA. (B) Dirtici trausTeclion of dsRNA made by in vilfo uanscripiion. 
Mammfllian cells were traiufeded with cfciRNA and the target plasmid cncodmg the EGFP gene to compare the RNAi actividcK between in silu 
produCTlon of dsRNA and in vitrv-tr^nscribccl dsRMA. The dsRNA-EGFP waa made by in vitro transcription using the 17 JRNA polymerase aiid 
Che ]inearhceU pOEMT-dsBOFP pia^mid. (O Anaiyaia of dsKNA-UOFP iraiwcrilxd by the T7 RNA potyjuerase. The pGEMT-dsEGFP plasmld 
wtui linearized by Fst\, located at the 3' ewd of the inverted repeal, to gcnsnHo a rutioff transcript by the T7 RNA pti^menixa The transcribed 
RNA was digested with a mixture ot RNaKc« A und Tj. 'iTic RNA was anQ]y»d in a S% nondcnaiuring acTylamidc gcj. Lane M, 100-bp diDN A 
ladder. LancN 1 und 3 depict in vJtfo-transcribcd RNA with and without RNasc rrcatnicm, respectively. Lajies 3 and 4 show a coniiol l^b RNA 
provided in ibo KiboMax kit. with und without RNase tientmcnt. respectively. (D) The aiune RNA samples were cledrophorcucd on h S% 
denaturing acjylamldc gel containing 40% furmKmidc nnd 7 M urea. (H) AnalyKis of ih(s dRRNA-!ac2 transcribed by the 17 KM A polymerase I'hc 
sense and aiiiutensd RNAs were transcribed from the plasmid linearized by Sail and annealed to malce dsRNA. Lanes 1 and 2 depict in 
viiri>-LrBnKcrihcd anliscnsc »nd sense RNAs. aild lane 3 depiLis annealed dsRNA in a 1% agarose geL 



not aifccted by addition of the pGEMT-daEGFP plasmid, 
dcmonstnitiag the setjucncc^spedJSc RNAi. The CMV pro- 
moter was not as strong as ihc DmsophiUi promoters actiu oi' 
OpTti2 in S2 cells (Oatu not shown). However, n sufficient 



amount of protein was generated to mcasmx: tbc EGFP and 
P-galactosidase activities. S2 cells were also used to campare 
the cJIicicnt> between the in situ producliojT of dsRNA and the 
direct ri-nnsfeciioii of dsRNA made by in vhro transcription. 
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RG. 2, dsHNA prodiiced a sequence-specific and dD.se-dcpcndcnt 
ecnc jilcncinjj in Dmxophita S2 cells. (A) Itihibiuon of BGFP cxpros- 
sLon by to siiu prod\u:tmfi tir dxRNA. S2 cells were rranaTcctcd with 
tUrec plasmids. (>EOFP-Cl (i »tg), pSC6-T7-Neo (1 and an in- 
Crftafiing amoum of pGEMT-dsECiFH, ranging from a25 tu 1 
'Ilirou^aut ull IransfcuiOMS, Uw toia! amounr of ONA wns held cnn- 
ficant by addition pf unrelaied pUC19 plasaiid. To test xhc sequence 
sped^^y of KNAi, I of the pluKinid encoding ImZ, pCMV^lncZ, 
was used Instead of p£OFP-Cl, llic RI.IJs nf nuore^cence or di&ttii- 
lumiiwaiCcnctt vttt rtormaiizcd lo that of iysiitc contain in 5 no pOEMT- 
dsBOHV plosmid. The relalivo acuvitles oi cells traf»fectcd witli 
pEGFP-Ci pbsmid (."solid hare) and pCMV-lacZ plosaiid (opeji bars) 
are shown. Standard deviation hidteatct. the vanulion tunong at least 
three ficparaie uansfectioo expcrioicnfs performed In dupliealc. (D) 
Sequcnco-iipedrm and dTKC'depeadeiit iabibuion of BGFP by the in 
vitro-transcribcd d'tKNA. S2 celki were Lransfecied with 2.5 |i.g of 
pIZ/US9*GFP plasmid and U, 1.5. or 3.0 of the in vilxo-truoSuribed 
dsRNA-EGFP (luoes 1, 2, and 3. respectively) using a calchnn phos- 
phate method Photogrqph« were taken 72 h later, depicted by a bright 
Held (upper panel) and a fluorcvccnoe micrograph (lower pane]). (C) 
0-CialuctDtfidaAA expression is not inhibited by m-viUn Imnnu-iheU 
dsRN A-l^'iGF}'. Ax tt ocmtrol, S2 cells were (ransfcctcd with 2j j^g of 
pAoin-bcZ and Q, 1.3, or 3.(1 fi^ nf Ihe in vilio- transcribed dsRKA- 
EGFP by a culdum phosphate method. HiBtochemic&l Gtaining wuh 
carried out 72 b later. 



Traa-jfecilf^ii of pIZ/US9-EGFP (the plasmid encoding tlCl'F 
under the control uf Ifae Drcsophila pramotcr OpIE2) and an 
increasing amount of dsRNA, ranging from 0 10 3.0 re- 
sulted in seqacnco-iipeciAc and dofie-depcndont inhibition of 
EGFP expresfiion (Fig. 2B). Again, 3-giilaclosidoso expression 
was not affected by dsRNA (Fig. tC). These results demon- 
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sirnte that production of dsRNA in situ by the pOEMT- 
dsEGFP plasmid \s siiflicicnl lo produce RNAi in S2 cells. 

SeveniJ mAmrnaliaii ccUs do not cxIUbit setjuCfice-spedlic 
RNAi acUvity. We inve.'rtigated the fensibllity of 111* RNAi 
sti'ategy for gene silencing in .several mammal iaji cells by using 
the JiGFl* gene as .1 mrget and rransfent transfeCTlon Of three 
plasinids, pBGFF-Cl. pSC6-T7-Neo, and pOP.MT-cJsEGFP. 
For most experiments, lO"** cells were plotecl on a 12-weIl plalc 
and iransfwtedwirh 1 n-fiof pl^GFF-CJ, 1 ^i,gofp$C;6-T7-Ncu, 
and aa iaicxeasuig amotmt of pGEMT-dsUGFF, ranging Irom 
0,25 lo 2 Jig. Decausc i)sil7/5 cells already express ihe T7 
RNA polymerase (4), Iransfcciion wfts carried out under iden- 
tical CGnditiun>k cjiccpl lhal Ihc pSC&-T7-Ncu plasmid wiis 
omitted. Two cxJl lines, B!frT7/5 cells and mouse librublasts " 
(STO). showed d non-!icqucncc-spccific inhibition by daRNA, 
indicated by reduction nf both EGFP and p-galactoaldasc ac* 
dvitiea as incrca^ting amounts of pGEMT-ds£GFP were added 
(Fig, 3A and 3B). The CHO-Kl celLi did not exhibit any inhi- 
hidon by dsRNA in cognate (EGFP) or noncognato p-galac- 
tcvtidase genes (Fig. 3C). In all experimentR, wo detected no 
apparent cytotoxicity, as measured by cell numbers and mor- 
phology (data not .ihown). 

Undlfferentintcd E$ ccM^i exhibit 6eqiienc(sspedfic KMAi nc- 
tiTity. Recently, sequence-specific RNAi ha,s been damon- 
fitrated in the preimplantation mouse embryo and mouse oo- 
cytes by direct injecdon of dsRNA (30, 35). However, dsRNA 
in transgenic blastocysts injected as ^gotes produced gene 
silencing for only up to six rounds of cell division (35). li^csc 
results suggest that undifferentiated cells may have RNAi ac- 
tivity that disappears as the cclLf di&rcntiatc. Here, wc inves- 
tigated whether uadifTerentialed ES cells respond (0 dsRNA 
for gene ulencmg. 

Translcclion of pGCMT-dsEGFP plasmid mto undilTeren- 
tiaied ES cells maintained on tlie STO ieeder layer diowed a 
sequence-specific and dose-dependent inhibition of fcCKP ex- 
pression, while fJ-gti(<ictosidaw expression was not affected 
(Fig. 4A), hi conti'ast, differentiated ES celk maintained with- 
out STO feeder cells showed nonspecific inhibition (Fig. 4B). 
These cells progre-ssively lost refracdve boundaries and fiat- 
tened to form a patch of giant trophoblostlike cells (data not 
shown), while undifferentiated ES cells remain as small cells 
packed tighdy in nests (Fig, 5). Direct trazisfection of the In 
viti'o-transcribed EGFP dsRNA, ranging from 0 to 1.0 jig, also 
resulted in a dose-dependent arul sequanco^pecific inhibition 
of EGFP, shown by the fluorescence measurement of cell ly- 
sate (Fig. SA) and by fluorescence microscopy of tiansfected 
cellR (Fig. SB). In contrast, p-galactoddase expression was not 
affected, as measured hy cither chenuluminescence (Fig. 5A) 
or liistochemical staining (Fig. 5C). 

ThuA, only H5» cells maintained in an undifferentiated state 
responded to dsl<NA for gene silencing. The sequence-specific 
inhibition of dsUMA was also shown hy a decrease in EGFP 
mRNA hut not ^galactosidase mRN A, as mea<nired by North- 
em blot analysis of HS cella ti-ajisfected under idendcal condi- 
tions, In winch the protein activity waj! measured (Fig. 6). 
These resulte confirm degradation nf cognate KGFP mRNA 
but fMJt p-galactosidase mRNA, 

To investigate RNAi of an integrated gene in ES cells, wc 
generated several KS clones witli a single co|iy of the EGFP 
gene. We found that dsKNA-btGFF but not dsUNA-lacZ in- 
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no. 3. Several mainnialliin txih da not ithow sequcnce-spednc 
RNAi activity. Throe OMninwti«n ccU linca, 03/17/5 (A), JTIX) (H). and 
CHO-Kll (C), were tested for RNAI activity by transient traasfecrion 
i)! Ihrec pjasmkk, pnaFP<C1 (1 |ig)^C6-T7-Neo (1 p.^);), and iiw 
croHinne amounts of pGEMT-^laEGFP (0^ Ui 2 m«). Throughout 
tiansifpcLioii, the total amount ot DMA was JicJd constant by additioa 
o£ ujuolnrod pUC19 plasmid. To test the sequence specificity ol RNAi* 
I M4,^ of tho plavnld encoding iho U-galuctutitdmiei pCMV-lacZ, wus 
used an u contra! The RLUs of fluorescence or chemihiminosccncc 
were nonpalized 10 that of lysate con coining no pOEMT-dsBGFF 
plHsmid. llic rplHtivc acHvilicA of ccHm (mnsfected m± pECFP-Cl 
plasmiJ (solid twts) and pCMVHacZ plawnid (open bars) are xhywn. 
Standard de^rocion indicates the vai'iatioD ammg nt le»st five separate 
crucstectiorLs of duplicate Komplcs. 



hibiled HGFP gene expression among three diffeieni ES 
clones, as detennincd by fluoiesceuce micnwcopy and FACS 
antilyste. Transfcction of dsRNA-liGFP but not dsRNA-IticZ 
resulted in a substantial dcdrease In HnoreAi^nce mtcmiLy of 
the bS cells (Fig. 7A). A representative FACS analysis of one 
of these dunes is shown in Pig. 7B. The EGFP-posiiive cells 
were gflted, and tj)e relative fliioresceoce of cnch pe^il; wn$ 
niensurcd using the geometric mean fhiorefurencc. EGFP flu- 
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FIG. 4. Undilferentiated £S cells exhibir RNAI activity. (A) Sc^ 
quenccKipcdfic nnd Jo»ie-dc:pendenl ishibilloit of HG?P by pGEMT- 
dsl^GFP plavnid in H$ ccil.t grown cm n feeder luyer ES azih were 
plated on iSTO feeder cells and transfcctod with tiirce plaanids, 
p£GiT-Cl (1 ^e), pSC6-T7-Neo (1 and an incrcMlDg araaimt of 
pOEMT-dsEGFP, ranging from 0.25 so 1 To test the sequence 
Kpccifidty of RNAi, 1 (ig uf the plaitniid encoding ^-galactosidlSC, 
pCMV-lacZ, wq$ ;i5cd w a cnntrnl. 'I 'he RLUs of fluurcKCence or 
chemiluminescence were normalized co that of lysatc containing no 
pGEMT-dsCGFP plasmld. The telaiive activities of ceils transfccicd 
with pKGFP-C1 puuimid ^solid bani) and pCMV-IacZ plasmld (open 
bars) mc shown. Standflro deviation indicaieM the van'ation among at 
least five separate transfoctton cxpcrimcnis pcTformcri in dupitcuie. 
(B) Nun-aequcncc^pcdiie inhibition of EGFP by pGEMT-dsBGFP 
plosniid in dijScrcntiatcd ES eel la cultured wiLhoul the feeder layer 
Tlie SAtnc experiment was carried out in £S cclln plated direaly on a 
gekitin-coaied pbte with no feeder oeHs. 



orescence decreased over 70% at 48 h after transfcctioa of 8-3 
nM dsRNA-RGFP but not by duRNA-lacZ at the same con- 
ceuiration. Following traivsfiection of diUNA-EGFP, v/e ob- 
served a new populntion of cells with reduced fiuorescencCf 
indicated a.^ M m the Mddle i>Jinel of Fig. 7B. The extent of 
inJiibition wa.«; consi^teat among ak independent transfcctions. 
Because only 20 to 30% of ES ceila were uransfected by lipo- 
fectamlne 2000 (unpublished observations), (he large extent of 
inhibition hy dsRNA suggests lliat dsRNA cna be dcixveiied 
cHicieudy to ihe cytoplftsin and tohlDlts gene expression at a 
levy concentration in m^inmaliaxi cells (9). 

We ejcnmincd the Icinetlcs of BGJtOP inhibition after imns- 
fectlon of dsRNA in undifferendated ?JS cells, "RNAi was more 
pronounced at early time points and diminished as undtffcr" 
entiuled fcl$ celLs replicated, prcsumtihly due to dilution of 
dsRNA per cell (Fig. 7C). Almofii no inhibition was ohscrvcd 



22/04 '02 MON 18:04 FAX 61 3 928^^67 
18/04 '02 FRI 10:30 FAX 61 0 SolH^SSd 



FREEHILLS CARTER SMITH B 





FIG. 5, Sequenca^ecilic and doae-depeatfcot iiihibition of EOPF 
cxprarainn tjy in-vlirD IranKciibed (biRMA ua imdiilereiilialfid £S cells. 
(A) E5 cells were plAtcd on feeder cells und transfBcted with I q( 
ttie pEGFF-CI plosmid and increttsFng amounts, 0^ to li) fjtg, of the 
in vilro-imnscxifaed dARNA. To tesc cbe sequence specificity of RNAi, 
1 }ig of Dies ptBKmia encMling ihe 0-gQlactosldase, pCMV-IacZ, was 
ivicd fu H control. The RTJUs nf Auutcacchcc or chemHumbesc^ncc 
were nbtniaiizcd to thar of lyMto csOTitaining no daRNA. The relative 
activities of cells tuiiufecied with pEGFP*Cl plasmid (solid bm) «mi 
pCMV-lucZ plttsmid (open burt) fire sbowiu StandEird deviation bdi- 
catC9 the vnnittion atngng at teEul Lhree separalft LranfirecUaA per- 
Conned ia duplicntc. (B) Flnorcsccncc micrcwcojiy of undilTerentlMtcd 
ES ccUs transfcctcd wirli 2J )vg of pEGFF-Cl plsemid 9nd incro«9- 
Ing amount, 0. 1, and 2 (luxiea, 1, 2, and 3, rospoctivety), of tlic In 
vitro-tnuiKcHhcd dsRNA-EGFP. Phuiugrnphs were taken 72 h lalt»-. 
psing a bright ^cid (upper panel) und duonucenue (luwtsr pHnel). (C) 
(^-GaUctosidase expression is not inhibltod by in vitnvcranscribcd 
dsRNA-EGFP. ES cells were trfinsfecTOd with 2^ ikgot pCMV-lacZ 
und 0. 1, nr 2 tif in vilm-tranwribed dsRKA>EGFP. Htstochemical 
Staining Tras canicd out 72 t) later. 



5 days after transfoctioxL The stability of EGFP protein may 
account for the apparent loqrcr inhibilion ul 24 h than 48 h. 
The dsRNA-iacZ did not show any inhibitiun o£ EGFP cxprca- 
sion in all ex})erimenL^ indicating specific gene silencing activ- 
tiy in undifferentiated ES cells. When the munc ES eclls were 
cuJtured v/ithnut the feeder layer and LXF, ES cells did not 
CQfUpletely dlffierentiaie- In this mbccd populatioh of ES cells, 
dsRNA-BGFP produced a reduction in flaorcsccncc similar to 
that observed in undifferentiated ES cdls, but dsRNA-lacZ did 
not. 

The persi:iiencc of the KNAi effect In these experlmenLs can 
be explained by the presence of a mixed population of differ- 
entiated and undUTcrenlisited ES cells. However, iiwaA difficult 
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no. 6. Northern analynh of uigniite (EOPP) and the nnncopiflte 
(f*-g9lactojidj«c) mRNAa. Undifetcntiatcd ES ccUs were ofown ou 
the feeder layer and traiisfected by three plasmids, pEGFP-Cl (1 p^, 
pSC5-T7-Neo (1 jig), and an inCfuosing amount of pGEMT-dsEGf K 
n, 1 , or 2 Jig (lana 1 , 2» wd 3, Ta»pectivc(y), As a cootrolj ES cells were 
transfcctcd with three plasmlds, pCMV*lacZ (1 jig), pSC5-T7-NDO (1 
M.$)i and an iacnsasing amount of pGEMT-daBGFH, 0, I, or 3 )tg 
(lanes 4. 5, and A, recpcctivaly). Total RMa was isolated both trans- 
fccccd ceils, and 25 (Ag of total RNA was loaded in each Une. The 
EGFP probe was a OJ-TA fragment isolated Tnwn the pEGFP-Cl 
plasmifC and the bcZ probe was a 2J-kh fmgincnt from rte pCMV- 
IdcZ pla«mid. Tho prnbcx were tabbed by ftt-*^P|dCrP. A cDNA 
probe corresponding to the moiiso p«actiD cf><ttn{t tequcnoe wan hy^ 
bridized as a coorrol 



to meASure the extent of gene silencing in fiilly differentiated 
BS-EGFP cells, since their intrinsic nuoiusccncc dccroased 
substantially upon dilTerentiacion. Further amilysia of di&rcnt 
clones is necessary to draw conclusions for RNAi for endoge- 
nous genes in differentiated hiS cells. Talcen together with the 
translent-transfeccion data deftcribed above, these results indi- 
cate that long dsRNA inhibited eptsomal axid cJiromosomal 
target genes in undifferentiated ES cells in a sequeiKe-specif c 
manner. 

dsRNA is processed to It to ^ nndeolfdcs iu roammallon 
cells. Small KNAs arc associated with a dsRNA-dependent 
nuclease purified from cultured cclb (15), making it hkely that 
such RNAs serve au the specificity determinants I'n the RNAi 
reaction. Here, wc invcatigatcd whether such dsRNA degrada- 
tion activity may reflect the di&rcnt RNAi activities among 
diUcrtnt mammalian cdb. The dsRNA degradation activity 
wa:i det&cied by the in vitro reaction in which a radiolabeled 
dsRNA was incubated with cytcpla:anic extracts made from 
various cell types (Hg. 8). Drvsophila S2 cells showed the 
highest aciivily, which waa saturated between 10 and 50 itg of 
cytoplasmic protein (data not shown). Small RNA Augments 
were generated by alt manmialian cell types tested: ccUs with a 
scqucncc'spccihc RNAi (undifferentiated £S ccUs), cells that 
showed no effect at all (CHO-Kl), and cells that showed a 
nonspecific decrease in gene expression (differentiated CS; 
STO, and BaiT7/5 cells), 

DISCUSSION 

Posttranscriptional gene iiilcncing by dsRNAi is a new tool 
for studying gene function in many organisms (3, 11, 26, 21, 
33), However, only a few cases uf RNAi have been reported in 
manmialian cells (1, 30, 32, 35). Heic, wc Investigated the 
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no. 7. Sequence-specific InJiiWtJon of EGFP exprcwion by dsRNA in the slablc ES-EGF? done in which the EGFP imne w mtcentcd ia a 
Fluofwceiice mia-oscopy of undifferentiated ES done unlrwaed or tiajisfecicd witli 3 jig uf in viU'O-lnin^bcd daRNA-EaFP 
or <JsRNiyiacZ, rcapcUively. Plioiofiraphs were c&lccn 72 h bter. using a bright field (upper pand) and fluoTtacence (Icvwcr mdcI) fB) FACS 
onalysii of (he ES d«n« 48 h aft«r traasfccUon. Ml fudicuta; ibg enfini of GPP-ncguuVJ^lsrMZ Ihe gating of OrT-pS 
gfl lilfi of ftdU wilh reduced fluorescence due lo RNAJ. Untmnsfccred done (left pwid; ycomelric mean ftuoresceni-c- Ml - 0.12. M2- 743 1« 
celb traoifecied with dsRNA.EGfT (middle pMncI; fi«on,ctric mean fluorescence: Ml- 6.16, M2 » 270.03^ <Sh tronxfwt^^^ 
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fewibility of the RNAi itlralftgy for gene silencing in several 
mammalian cetU by using ihe £GPl^ gene as a targei, either by 
in situ production of dsRNA from a transient tran^ectIoi\ oX 
Ihc plaamid haiboring ti 547-bp inverted rupcat or by direa 
iTdnsfecliOD uf dnRNA made by in vitru trunscript'on. In both 
cai^, the di&RNA is generated tui u huiipin structure thnt 1$ 
resislant tu RNakc dcgraduLiun. Wc reaaancd that transient 
tronafcction may produce a large amount of stable d^tRMA in 
the cytoplasm bccau^ic it introduces a high copy numb&i' oTlhe 
plasmid In the cytoplasm, which would then he transcribed by 
the T7 RNA polymsrafie. Using transient transfecrlon, wc show 
that undifferentiated R5 cells have a sequence-specilic RNAi 
activity ibat disappears as E5 ceils dlfferenriate. This long 
dsRNA also iuhibjTed its cognaie geiie expres^on in undiffcr* 
entlated ISS cells witli a single integrated copy uf the ECFP 
gene. Thus, bOCli episomal and diromosomal target genes in 
andlifereniiaied £S cells were inhibited by the long dnRNA in 
a sequence-speciilc manner. Furthermore, the amount of 
dsRNA cHcClive for RNAi activity in undificron dated ES ceils 
Was simihiT to the amounts which caused gene silencing ii) 
DrosophUa S2 cclb and shbwcd no apparent toxicity. 

Several mammalian cell lines did not exhibit the sequence- 
specific gene sflcncing by dsRNA Two cell lines, Bsr'lV/S and 
mouse cmbiyoiuc fibrobla;!»t3 (STO), showed non-sequcnco- 
specific inhibition by dsRNA, while CHO*Kl did not exhibit 
any inhibition by dsRNA un cither the cognate or noncognaie 
gone. EGFP or tacZ, When transient cotiMsfection of plasmid 
DNA and dsRNA was carried out in several mammalian cells, 
293 and NIH 3T3 cells showed no effect at all, while BHK cells 
showed a nonspecific decrease in gene expression (5). RNA! 
has been reported in CHO cells, although the amount of 
dsKNA requrred for interference was 2,500 times more than in 
Orosophilu S2 cells (32). Because wc tested RNAi under iden- 
tical condftions in S2 and CHO cells, the amount of dsRNA 
needed to produce RNAi in Vhe S2 cells used in our experi- 
ment may not be sufTicient to produce RNAi in CHO cells. 
Recenriy, a longer* dsRNA was shown to induce some sc- 
quence-fii>ecific silencing addition to the nonspccifie mhibi- 
lion In mammalian cells (9). It is possible Ifanl the reporter 
system in ihk study k not sensitive enougli to distinguish' spe- 
cific RNAi from the nonspecific Inhibition. In all experiments, 
we detected no apparent cytotoxicity 9r mecLSured by cell num- . 
bers and morphology. 

Sequence-><tpdciflc kNAl has bceit demonstrated in the pre- 
implaniaiinn mouse embryo and mouse oocytes by direct in- 
jection of dsRNA (30, 35). The dsRNA in mammalian ocUs 
typically activates a protein kinase that phosphoiylatcs and 
inactivates eIF2a (16). The ensuing inhibition of protein syn- 
thesis ultimately results in apoptusis. This sequence-indepen- 
dent response may reflect a fiurm of primitive immune re- 
sponse, sinpc the presence of dsRNA is a common feature of 
many vinil life cydes. Mouse oocytes, however, dearly lack this 
response, as the oocytes injected with dsRNAs resunie mciosis 
and mature to mctaphase U (30). The prcimplantatlon mouRc 
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FIG- fl. Smjilj RNA fragmcms generated by Drowphila $2 and 
mammjaian csciu. Cytoplasmic extracts (50 ^B) from various mamma- 
lian cells were Incubated with 30 nmut of rodiofabelod dsRNA for 1 b 
at 30*0 for S2 ceDs or 37*C ftir mamraallaa cells. After the teacUon, 
xamples were Lrwited will) proteinase K-0^% SDS. The hHtr nf dsRN A 
wus eiamined MQ a \2% dcnaniring acrybmide gsK Probes indicates tU 
nufiolpbclod dsRNA made by in vitro uanHcripclon. Lane M, 10-bp 
markets. 



emhiyo also tacks the n:sponsc, as embryos injected with dsRNAs 
develop to the blastocyst stage (35). Specific RNAi activity 
present In undlltercntialcd ES cells suggests that undifferenti- 
ated fiS cell.': may also lack an interferon response, similar to 
mouse embryos and oocytes (30, 35). Hovcver. RNAi aedvicy 
was noc permanent, since it was more pronounced at early time 
points and diminished as undifferentiated ES cells rBplicaied, 
presumably due to dilution Of dsRNA per cell. 

Postiranscriptional tcno silencing by dsRNA requires at 
least two ste|vi, conversion of the dsflNA into an acrhm species 
and subsequent targeting Of the mRNA for inhibition by these 
scquenccwspecific active species. Recent biochemical studies 
(2, to, 15, 31, 36, 37) have indicated that RNAi is accomplished 
by a muhtcoiUponeAl nuclease that targets cognate mRNA for 
degradation, Tlie specilicity of this complex was derived from 
the incorpofcicion of a small guide ncqueiice ihat is homnlo^ 
gous to the illRNA substrate. These small 21- to 22-nocleotldc 
RNAs, originally identified in plants widi active RNAi (14), 
have also been observed in DrosophUa emb ryos (10, 36, 37) and 
S2 cells (2, 15). We investigated whether such dsRNA degra- 



(righc psncl; geometric mean fluorescence: Ml = 6.43. ^42= 772.95). (C) FQnetlcH u( RNAi in undHfcTwitiatcd ES-EGFP dune. The nslntivt: 
gcootcuic mean Huoidscsitce of cells transfected widi dJiRNA-BOFP (fiolid h»ra) or dsRKA-beZ (open bars) wad nonniilhKd ro Ihc geometTic 
maan nuortaAeoncd oC untraiisTected celk CS eelLs were KpHl at 72 h afler the inirial tracsfcction of dsRKA and plated at 2 x iO* ccllaArcll for the 
later lime me»KurenienU) allOO and 124 h. 
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dation activity may reflect the difierent RNAi adivitica amang 
diluent manunalian cells. 

Atthongh DroxophUa S2 cells showed the most prominent 
product of 21 to 22 bp, all mammalian cells tested produced 
distinct RNA pmducbi of the same .size. Thus, mammalian rolls 
have ths ability to generate 21- to 22-Tiucleotide fragments 
from long dsRNA regardless of their apparent RNAi activity. 
While our manuscript was being reviewed, Tuschl'a group re- 
ported ihat 21 -nucleotide slioit hiterferiiig RNA (siRNA) was 
capable of gene silencuig in several mfimmaliau cells lu which 
longer dsRNA Med to produce RNAi (9), The apparent lack 
of RNAi by longer dsRNA in mammalian celb was attributed 
to nonspeciilc activation of the interferon response by d&RNA 
longer than 30 bp, masking the specific RNAL Therefore, our 
findings that mammalian cclb can generate ^siRNA rCganDess 
of thoir apparent RNAi activity provide an insight in gCnC 
silencing of mammalian oclla by yiRNA. It would he interesting 
to compare the extent of gene silencing by siRNA and longer 
daRNA in cclh that do not show nonspecific inhibition. 

£S cells and other stem ocUs are valuable tools for the study 
uf coll and tissue di£crcntialiun and for the aealioa of animal 
models of disease. These findings uifer an opportunity to use 
dsRNAi for inhibilion of gene eaqiression in E5 cells to study 
dllS&rentialion. Stem cells also have the potential for therapeu- 
tic usC; Including cUe development of replacement tissues if 
regulation of their differentiation can be understood. Tlie re- 
mits presented hens Lidicate that RNAi can be used to inhibit 
gene expression in raouse ES ceils and thus may be a usefiil 
appmach for invesTigations of stein cell biology in general. 

ACKNOWUZDGMENTS 

Wc arc grateful to Olga Igouch&va tat ki vitio RNA degradatiou 
study and discussion. Roiiiaica Omaruddin and Haicliinfi Ma for as- 
sistaiice wiUi ES cell culluns, Gnigtny Hannon fnr DmsopJiiia celln »md 
plannlda, und Scnct rOiamond for M9 peptides. Wc thank Tom Tlisdil 
and John KIcmonr fof discussion and c^iUcal reading of thd niaiiLi- 
scripr. 

This work wan Kuppiirted in purl by gmnts from the Nutional Jnsri- 
lutaj of Hc«lrb (GM6194Z AR3a923, and AK44350) co K.Y. and 
BYI2!}10. the Rosanne H. SUbermann Foundatton, and Research to 
Prevent Blindxieui u> £jv.P. 

nEFERENCRS 

1. OiihniiDuin, M. IL. ond H. Zucbl. ]S^?X TVanscriptiaoal aod posttrsnsaip- 
liOriul 5iki]Ciii£ uf rtKltaii a)(l) uiUdf^ try u bamalofpus Inuisaiplianally 
Mir^1ef««J Irtnsgcne. MuL CdL Diol 15074^110. 

X Uarntbrin, A- 4- Cqady, S, M. Ilnnimond, nn<» C. X Unqiran. 2UJL Hole 
Tcr a bfdfirtUU dlnuludcuse In (he iniliatiun Mcp uf IC^A aAcdcxvBcc 

3. Boincr,J.M.,3KaM.lAbOiie4ii^20(XIJU^AimBrfiiKAC&:^fiiiettcwftftddml 

genetic watehdo^. Nat. Otll DiuL 2!K}J-D6, 
A. Buchhnh, \l S. ftnhr, nod K. K. Coini«fai»mi. 1999. G^nerfltioil of 

bovine rcapiratory syncytial vinu (RUSV) from cDNA; BRSV NS2 i* rtot 

CMcntial for vtniA rcpMcadOft In Clnue culiurc, and the human leader ' 

rca»n acu u a fuiwltonal RUSV ft^nn* promotor. J. Virol ')3c2S1^9. 
5. Caplen, K J. Fleettor, A. F(ir«^;uid R. A. MorBin. 200a dsRNA-mcdiatcil 

gene siloictng [n cultured Dromphila ccUc o U«ue culture modd fnr the 

anotyjlA of RNA imcrfweucc. Gcno 2SW5-i05. 
6l C&tilnooUs, G. AauUn, G. Mictno, and C Coecnl. 2000. Gene xilcncing 

in worms uid fungL Nature 404:243. 
7. Qnuiu, i. C, C. A. V^erbr* Simonson-LdT, M. Mudu. T. Marhuua, B. A. 

nrmmln^ nod J, K Dfxpit. 2(X,vi. U^u ttP ilntihle*MirNiuliitl kjma Uuetfcrenoc 

in Urusuphiki vtH Imat lu lli^4t:cc s\f>Aa\ ciaii5db£Ciflfi pfliltwuys. Proc. Natl 

Acad. ScL USA 97:6499-6503. 
a. Dlsnaai, J. tlL, M. M. UhcnltXj and A. a Rordcr. 19S3. Aocurato tr^n^lp* 

tioa Initfaiion by RNA pQlymeram ll in u Hitvtiit extrsci f/om citilaled 

cit^ninnfUiin nucloi- Nudctc Aeid« Ret. 11:1'175-I^9l 



9, £Ibaihlr, S. J, Bnrborth. W. K VulDn, K. Wdwr, aitd T. 

Tiucfal. 2001. Ouplexca of 21-ntid«ullUt! RHAl medltts AKa tnurforcncc itt 

niUured mammollaa colli. Naxura <tUi4y4-49d. 
10. QbaiUr, 5. M., W. Lcndcitd, and T. TischL 2001. RNA intcrrcrcitcfi (a 

modiited by 31- and 23-nucleotlde RNAi. Ceoes Oer. lS:litS-auu. 
IL Tire, ^ 1999. RNA-trigacrcd gene joleacinfl. TVcnds Genet !5i35^363. 
11 flTtt A., S. Xn, M. K. MonlgomBfy, 5. A. KaitUt S. B. Driver^ and C C 

Mell& 1998. PocenC and ipecUte genetio interference by doitbltHilninded 

RNA Itt Caenvrfuitulidt eUiaivt. Kaura J91:A0G-811. 
11 Grant, C B.T ^ ^ 3ud It. G. D«tley. \99S. cTRF-3, i new member of 

tbo inEcrfcrnn rcgularary factnr (IRP) farnny that unp idly and trandcntty 

Inducod hy djRhJA. Nudcle Acids Rcft. 23!2l37-214(i. 
14 KomiUiin, A. J., und U C lUttkDmtii^ 1999. A apcdca of Bmall antiicuM 

UNA m puaUrunscrfpUuntil geoe idlendne in ptttota- Science 296:950-952. 

15. UiuinnunU, S. R. Ikimtein, U tkiick, 4nd G. J. HannmL IQOa An 
RNAKitrected ciudeaie meJialet poiluanso'lpdonal ^cnc utcadng in />q« 
mphiia ceils. Niitvrv 404:293-296, 

16. Knlhian, A. J. 19W. ITuuble^tnuideU K^A*rtCliyated pralein kiiWtt itiedi- 
Ale» virvs-inJuced npoplods: a new lote A)r an old toot. 7mc N.^U. aokI 
SdUSA 9«ill69J-11695. 

17. Kenncidcli J. It, cind tiy9, Carthcw. Use uf ilaRNA«iid!altJ gcneiic 
hlerCbicoce \o demunxinto (hat Aiccled and Trlaled 2 act In rh« w'n^ess 
palhwuy. CcU 95:1UL7-1U2& 

18. Bxttin^ R, T, n. Ua«crfcainp, It G. vi*o l^aencn, «ad H. II. Flaitcrfc. 
1999, Mul-7 ol Ct olesaiM, roquirwl fw trtftfepowr* «aartcing {ind RNA 
tnlerfereooe: a liomalou uf Werner $yr>dromft fieDcaAC and RNaas IX Cell 
99:133-141. 

IV. KeUiMK, U. iinri R. II. PluxteTk. 2000. A gCrtcdc Knit tutWCCn Cn!tuiipr«.v 
skm and RNA bterXercDce in C ekgno. Niiiura 404'^46->296- 

20. Miilinsky, A. JTvchchm, and L Uusarati. 2000. New jii9tg|iu m IU>iMtogy- 
dcpcndem fUcndag nf I ractrw accivhy by tranaficnea conuining 0RF1 In 
IJmKOphlUi melanognsler. Oenelicv l^fclldT-llij. 

21. Meinj, I'., Jr. 2000. Rl^ degnubb'^t and mnddl.i for pcnitrartKripdaiial 
e«ne*silencui& Vl^ml Md. Oiol 43:2d]-273. 

22. MtiiA, M iV. Ali^taL^ J. va« dar Wlndeo^ M. A. Malilca^ and A. J. 
MattHiM KM. Tnniuilpiianal aileiid»A and promoter mcthyiadon trlsAcred 
tiy tlQuhl9.4lrandad RNA. BMnO J. 19^.5194-5201. 

7X MwUm, M. a. p. Viiitttn, J. N. MO, and }. M. Kaoter, 2000. Rolo of 
tnvcncd OKA repcau In truMcnptionil and pcattxanicriptianal geoc sileno 
ing. Flam MoL Bial. 43i2a-2riO. 

24. Parriah, S., J. Flcmor, S. Xo. C Melio, ind A. Fire. 2000. Panctiaoal' 
anatomy of a (faRNA trigger. diiEiertaitlal requirement tot die wo trigger 
drands in RNA inlcrfcrcnoo. Mol. Cell 6:1077-1037. 

25. Radccke, P., P. Splclhefbr, H. Sdinetdcr, K. Kaclin. M. Hnbcr. CI Datich. a 
Outadauup and M A. BUIattr. 1995. Rescue of msasies viniso Kum 
cloned DNA. BMBO J. 14d773-57B4. 

26. Sharp, P. A. 2001. RNA tnicrfcicncc— 2001. Genes Dev. 15:485-490. 

27. Sliarp, P. A., aiid P. D. Zanaore. 2000. Mdocular blalagri.RNA loterferenca. 
.Scrcnco 287^2431 -2il3.t 

2A. Smardon,A.tJ.M.SpoarIte,S.CStacqr,M.£.Sltfa,N.MacUtt,andE.M. 
Maine, 2000. EGO-1 \b related to RNA^UrectDd RKA potymenue and 
functions in gcrm-Uno development and RKA Imerfereoco In C dit^imx* 
Can. BioL Ift169-I7R. 

29. Suni| M,» R. de Bmln, R. van R. Blablaod. A. Tan dtr Boom, J. N. Mol, and 
J. M. Eootir. 2000. Dl&iinct feaEurea of poscttonscnptionol gene sUcodBE hy 
sntiacnn tranagoncs in single copy and inverted T-DNA repeat bd. Fbnl J- 
21:21^1 

30. S«oboda, P., P. Siehi, H. Hayashl, and R. M SdnUtz. 2000. SetecUve tviv> 
tton of dormant matoraal mRNAa in oouac ooqrtca by RNA inlecfeicnco. 
Development U7»»147-4156. 

31. Tludil, T., P. D. Zainnre, R. Uhaunii, a P. BaiteJ, and P, A. Sharp. liW. 
TargcTcd mRNA dcgrodatkin by dmiblo-strandcd RNA in viira Gcnca Dev. 
13:3191-3197. 

32. V'^'Vti, IC, fL Zftuua, Y. Mfyau, and K. SaiftOL 2000. ScA5iuv« aaxay of RNA 
interference In Drosophlla and Chincac hanwcr cuJcurcd cclli using iireOy 
lucirertiic gene m target FEES LcIl 479:79^1 

33. VKUEfaend, aud M Fa^ard. 2001. Traiucri(Mkmal gcnn .lOencinA In planlv 
itirgets, tmiuciffa and rojjutaiortL Tfamb Cwut. 172iM5. 

34. Wnr^Ho^ A, .S. Elliujsau, and A Pjwe. 1999. IKwUicslranded RNA 
inUocva s^iccinc dcvelopmenul defects in ichraOjil) embcjCd, Riochcm. BUy 
phya. Re*. Cumrtitia 2&3:l5fi-lfil. 

35. Wtnnny, ¥^ and M. Z«mlcka<Gaetz. 2000. SpcdDc taterrbrence with jcne 
functiOrt hy dnuMe-nrandod RNA in ctrty ntouaa drvdopuiAiit, Nac CeJl 
DiuL 2;7n-7.1. 

36. Yunic l>s tOt nod J. W. ErtcJtsim. 2noa hv'ulcncv \tnt pruc9>k»d uiiflli 
JiRNAj! may mediate sequenco-specifie mRNA de^ilaiiuD dtiring RNAi in 
Dmwjjhila Mubxyofc Curr. UiuL 10;119l-l20a 

37. Xamorc P. T. TimcHI, I", a. Sharp, and D. P. KartH 2000. RNAt 
double-stranded RNA dirccta the ATP-Jepondeni cloavaao of mRNA at 21 
tu 23 rtuctcnddc tnTexvala. Cell 101:23-33. 



22/04 02 MON 18:08 FAX 61 3 1567 
lSi^'04 '02 FRI 13:20 FAX 61 3^04 9588 



FREEH ILLS CARTER SMITH 



1^012 
©004/007 



letter 



COPIED BY THE UNIVERSUV OF { 
MELBOURNE LIBRARY FOR SUPPLY 
UiMDEB SECTION 50 OF THE 
- AGT l3 5SrW; ■ r 

DATE I<T/QH0Zj 



Heritable and inducible genetic interference 
by double-stranded RNA encoded by transgenes 

Nektarius TavemaraJds*, Shi Liang Wang\ Maxim Dorovkov^, Alexey Ryazanov^ & Monica DriscoU^ 



Doubte-stranded RNA Interference (RNAi) \% an effective method for 
dlsrtJpUng exprtssion of spedffc genes iti Caenorhabditis etegans 
and other organisms^'^. Applications of this reverse^genetics tool, 
however^ am sonKwhM i^es<rtcted In nematodes because intio< 
duccd (hRNA is not stably Inherrtcd^ Another difficulty ts that RNAI 
dlsnjplion of lata-actlng geneis has been generally less consrsterrt 
than that of embryorb'caily orpressed genes^ perhaps because the 
concentration of dsRNA becomes lower as oelfular division proceecfa 
or as davalopmental t&ne advances^ tn particular, som? neuronally 
okpressad ganes appaar refractory to dsRNA-inedlated Interference. 
We sought to ejrtend the appll csbilliy of RNAI by tn vtvo eaqiresslon 
of heritable inverted-repeat (IR) genes. We assayed the crfHi^cy of in 
vA«-driven RNAI in thnee sitw^itions for vyhkh heritaWe, indudble 
RNAi would be advsrrtsgeous: (r) production of large numben of 
animals defldent for gene activities required for viability or repit>- 
duction; (li) generation of large populations of phenocopy mutants 
for biochemical analysis; and Oil) effective gene inactivation in the 
PervoMS system. We report that heritable IR genes csonfer potent 
and specific gene inadivation for each of these applications. We 
suggest thait a similar strategy might be used to test for [feRNA tnter- 
fetenca effects In higher organisms in which it is feasible to con- 
struct transgenk animals, but impossible to directly or trartslemiy 
Introduce high cbncBntratjonis Gt dsRNA. 
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To test the ieanbilicy of spediic gene dismptinn via in vho e]r|)retsion 
of dsRNA» wc COnalrudeJ Intn^goiic nana(oilc3 thnt jynthcitzed 
haiipin dsRNA (it£ 3) fiom UK genes under du control of die hcat- 
ahock-indndble promoter hspl6-2 (rig. I; reft Wc ftnt com- 
paned cfTects of conventional KNAi via ii^cction of dsRNA, expiessbn 
of sccx and antisense genes, and in vrvo pioducdon of dsRNA using 
CX tk^ns p^icied gene which is essential for progrcsrion 

past the L2 larval stage (N.X, S.LW. and MIX, unpublished data). 
CoiTOidoDal RNAi dirough injecdoii of C37AZ5 dsRNA (nif. I ) pn>- 
duced ahifih yield oru-$tage^rrEsh:4 Fi proijcny (Table 1), Expies- 
siim of the sntiscnsc strand, which can be effective for specific E">f 
inactivatioit^, resulted in a noiodest peroeiiiagt of phenocop/ pm^tny, 
wherea:i e)q)reAsion of (he Rcnse RtanU wbn mcffcctiva lb test m vtyq 
RNAi, vm hcat-shockcd young adults of tranT^mic Uno harbouring 
octrachiomosomal MpJ6-2p07A23([R). bi Wvo promoter-dxiven 
UNAi reproduced die AC37A1S null piienoiype, wiUi e/nderrcles 
approachmg dial ofdrrfd injccliun uf dsRNA (Ibblc 1). likewise, 
prvmotcr-drivcn RNAi disnipted the Mi-2 chramatin lamoddling 
homologue F2612-7 (re£ 10) to phenocopy the sterile phenotype of a 
deledon of diis gene (llible 1 ). Vfe t^nduded thai in vtL^-driv^ KNAi 
b) efTective^ and that this technique shouki enable deration of large 
popuhtions of phezuxxpy mutants, even when developmait or 
reproduction is blocked. 



Ftg. 1 Sirategy for generation of hertta- 
biff and inducilHe RNAL a. Astralegy for 
In vh« RNAU A sOTjna heat shodt- 
Wdudbte prorrnrter wai fused to a dirwi 
m 9vnc. Upon hc;it shodc of transgenic 
anImAb hfri^oudng rhl» gencv tranncripli 
wcfa generated which w predicted to 
fold h^(X in 6 urtWtioleculaf rewtlon to 
generatB doublfi-itranded RM& In all 
cfills that expreis the hAat-thoek 9«ne. 
The size of The itngle-ftranded bop that 
ocain after foldback Is jvoi kncfvm. 
K Construction of Indudble in genei. 
Exon-rlch genomic ONA (or cdna) was 
amptiflad udng two prim en that intro* 
duced uniquB nsstrictfon ittei at thv 
fragment ends. One restriction site 
usad to gcnorate the n and waf uitl- 
mately ntuatad art the Inveraion point 
OP). The other restriction rite (desig- 
nated as «nd) was used to join the in to 
the vecor. Ampirfted fragments were 
dlgmted wth the enzyme rituatcd al 
ttw IP restrretfon rite [IPRS) and IJgatsd 
together. Dfgcjllon otthe end rcitrWlon 
sHo (SHS) enobled the fragment to bo 
<ion*»/ irt(o 5 rimnarly digested, OAP- 
treated C elega/rS cxprcnton vector. Wa 
used vector pPD49.7a (ret. 22). whkh 
indudu the h<pl» ptomoter and the 
3" OTR of musde myosin urtc-S4 
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alt cells in the nervous system are rnxn- 
ccptibic to the effects of in vivo RNAi. 

We next tested effects onieau^huck 
induction of hspl6'2^CPP(fR) "n 
exprefi.^lon uf an integrated m«- 
-^pGrP gene which is spedficilly 
expressed in the nix tiiuch-fecepinr 
neuron*". On avcra(jc, 83% of roller 
progeny of hcat-ihodced parents har- 
bouring tlie excragenic hsp- 
Iti^GFPilR) transgcnc had GfP 
signnls diat were eidier ellintnace^l nr 
ullenualcd (2/4 lines: Rg. 2b). We 
ob»crvcd simibr effects In only 1 1 of 
270 progeny of a line harbouring an 
integrated mec~4^GFP reporter 
injected with d5Cii:p RNA. 

We aUii lesled Jbr dsiWA-medLiLed 
incictivation of C desam neuronal 
genes. CoiivetUitmal RMAi mediated 
by inLruduccd mec-^ daliNA luductfd 
touch-insensitivicy in 4f> of 300 ( 1 5%) 
offspring of injected wild-type par- 
enta. On average, 60% progeny of 
beat-shocked linea Iiar^ourtng hplS- 
2^mec-40R) werv insensitive to touch 
(Tahle I ). Additionally we tested the 
dTectivcness of itt Wvo-directed RUM 
in the inactlvation of unc-St a ncu- 
ronally expressed gene that wc have 
found to be resistant to the effects of 
conventional RNAi. 'Hie unc-8 domi- 
nant gal n-of- fund ion wllclc n491 
iiKiuce<i uncoordinated locomotion 

C. cicgans translation elongation faaor 2 kinase. eEF-2 charactertud by (he inabtiity to back up; the loss-offiinction 
(encoded by eflc-i; ref. II) phosphorylatea eEr-2, an aciiviiy phcnotypc is nearly wild typc^^ Injection of uttcS dsRNA did 
nbolished by 0 Tc I insertion i mo the active $i|e (Fig. 2a, and A.R., not disrupt the galn-of-funaton phenoi/pe ( 2 phcnocopy 
C. Mcndola, L Zhang and J. Culotti, unpublished data). We mutants generated among 1 ^00 pmgcny of injected parents). Dy 
found that Idnase activity in the offeprljig of heat-shocked lup i6- cor irx^i, 1 3% of the progeny of heat shocked vinc-B(n49 1 ) par- 
2^Jk'i(ni) iriiwgenic parenW wAS reduced in four of flix linw cms harbouring fispl6-2^,unc-8(lH) were effectively targckd 
assayed. Wc were not able to pcifonn an analogous assay on a (Ihble 1). Our results Indicate thai sequences expressed in tcrmi- 
popuiation of phenocopy mutants induced by conventional nally differentiated neurun« can be targeted by in vivo-lnduced 
RMAi^ as several hundred animalt were retjuired. Wc cunducJed RN^, and in some instances cfiects are more potent than those 
th^it indodblc IR genes arc effective in generating populations observed after injection of dsRNA. 

amenableto biochemical analysis. For all nine cases, heat shock of control lines carrying the 

Injected diiRNA b not uniformly effective in disrupLing gene expression vector alone or low-tempera mre growth of lines car- 
expression in the nervous system. For example, wc found that rying the hp 16^2^(111} g^aa did not produce any alinormttl phe- 
ohfy 6 of 210 progeny from three lines harbouring integrated notypeii (we a^ayed for the anticipated knockout phcnotypc. 
unc-]l9^tifP (exprttftired in all nearoiw) injected with double- morphological and locomotion defects, and feitility and devel- 
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Re»ult3 for tour injoctfon trials usfng conventional RNAi or heat-sho<k-lnduced In vivo flNAl In four trans- 
genic linei (unleii othewiae noted) are Indrwted. Numberi indicate the pwcentage oi Pi progeny 
arreited at the tlstage ±3.d. 



Stranded GFP RNA showed reduced fiuoTcsccncc (Fig. 2b), Wc 
therefore examiJied the effects of endogenously expressed 
d$KNA species on gene inticlivsiion in the difrereolititcd nervous 
system. We construaed a plasmid that directed in Wvo expres- 
sion of double-itcranded G^P RNA upon heat .^hock and tested 
for extinction of Huorcsccnt signals generated by cell-specific 
GFP reporter hisioiw (Fig. 26). We co-Introduced the hsplS- 



opmental abnormalities; > 100 animals examined per line). Tlius, 
effects of irt vivo RNAi appear to be highly specific, consistent 
with reported tight regulation of the hsp}6-2 promoter^ and the 
selective precision of RNAi (ref, I). Moreover, in vrvO RNAi was 
cffcclive in many tissue types, including neurons (Fig. 2b), 
(C37A2.5 and efk-l axe expressed early in developnient and later 
in a broad range of cells including body wall and pharyngeal 



2^CFP(IR) construct and unC'll9^GfP (|»IM175 (ref. 12); muscles, neuions. hypodcrmis and btestine (N.T., A.R. and 
expressed at high levels throughout the nervous systcm^^), M.D., unpublished data); M12 ho mologiic F26 12,7 expressed ' 



selected lines exhibiting strong QVP fluorescence, heat shocked 
in the hi stage and examined Buorcsccnce in theli progeny. 
Approximately 79% of roller progeny &om 3 (of 5) lines har- 
bouring unc'll9jpFP end h$pl6-2^GFP(IR) exhibited 'knock- 
down' effects, with fewer than 10. cclla detectable in most 
(hig. 21»). We did not detect any consistent pattern of cells that 
appeared re&aclory lo Quorescence inactivaclnn» suggesting that 



in hypodermh! M12 homologuc T14G8.1 b expressed in hypo- 
dermis and pharynx (5.L.Wn N.T. and MAX unpublished data); 
and myo'2 ia expressed in pharyngeal lissuc^^) 

Our analysis establislies that endogenous IR genes can be 
expressed to generate dsR^IA spedes with biological efiecLs tfimi- 
br to, and in some cases more effgctivc than, thu^ directly 
injected dsRNA. There are lie vera I advantages of exprcssirig heri- 
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Rfl, 2 OoublMtranded RNA lyntheslzed In 
MM) RNAi diswptt C e/eganj gene exp/«- 
»ion. Enrymatk oniy far elongatloo fac- 
Ifinciw artvity (EFK-t). EFK-l activliy 
wai Afuyed « descrfbsd^* in reaatons In 
whkh 0.S itg rvbbit reticulocyte aCP-2 wm 
added to worm protein ejdfacti. The arrow 
Indicates the cEF*2 protein position, lane l. 
wild type; tana I, lino harbouring wtra- 
d\romtisotna\hspS1S»2^C9ft-1(iR). non-heat 
shodcftd; lAno 3, o transgenic line harbour- 
ing extrBChromosomal parental vector 
pP04g.7^ heat KhQcKotf; lano 4, Ilfte har- 
bouring enUAchrfifnogomol hsplS^pCvfk- 
10H). heat ihodccd; lane S. Tel active site 
imsrtlon C^fk-l mutdM. b % In vivo RNAi 
disrupt] GFP eitpreiilon in nouroni ond 
phsfyngesl muscle. Progeny of transgenic 
fines harbouring extradvomosomol unc- 
MSoGfP urC'it9 li expreucd in all 
nourons*^), brtegrated mee^^CfP moc 
4 19 expressed !n six touch seiuory now- 
rora'^ or myo-2ffiPP (c/rf «»tyfl-J »» 
eKprejawJ In pharyngeal muscle") and 
hipie'2gGfP(IB} were compared at 10 "C or 
consequent to parental heat shock at the 
U stage (35 "C 4 W. Progeny orf limirarty 
heai-shodted unc/l9pCfl», met-^Gffi or 
myo-2pCFP fine* oxhibftcd no apparent 
reduction In Intemlty of neuronal fluores- 
cence (data not showrt). In parallel (onwcn- 
ttonal RNAI cxperimenu 6 of 2to progefty 
of vnC'119pGFP parent 1 1 of 270 prog- 
eny of 0 ncQ-^^GFP parent and 5^ of 240 
progeny of a myo'2^GFP parent exhibited 
detectable reduaion in GFp $ic;nal. 





table IR genes: (■} stable lines harbomlng the pi>ieniiHl for gene 
InacLivuljon can be easUy maintained; (t() assays icqiiiiing large 
numbers of mutant phenocopies arc feasible; and (Ul) Inhlbidnn 
can be mducible. and thus may be used for stage-specific gene 
inactivatioii. Tn some cases, the endogenous high level uf dsRNA 
product prcsanied produced upon he^i shock appears to make 
for more potent inhihUion than gcrmlinc-in;ected dsRMA, 
Althongh we have focvscd oiu- initial studies on the use of the 
inducible /u/>/5-i promoter, our lindings suggest that it may be 
pcmibic to inactivate fpeciBc ^cncs for the duration of dieir 
expression period hy intcjcrnting a transgene in whid^ the pro- 
moter of Lhc gene of interest drives transcription of an IR seg- 
ment of thfl same gene. Tn vclclitfon, because dsRNA can 
mactivate g^w 'f^ plants, tryponosomea and pUnarijil'-^^ 
Artd geno-b^iscd delivery can be eneclive in tryponosonaes and 
plants ^^'^'t itt yivQ-dlrttu^ RNAi may be effective in other 
organisms. A jjimiUr strategy for m vivo-drivert RNAi might be 
suocessfuUy applied to inactivaie specific genes in organi^nu that 
can be genetically en^inwral, but are not readily arttennblc to 
direct ir^jevliun of dsRNA, auch as the moufie. 

Methods 

Nematode aralns. We ceored ttiid maintained C ilegam Btrains as dacribctlH 
Wc ainsrmcted transgenic lines by injecting pliuinid DNA (100 nfiAd) usinji 
siandand pmtocoli". In flO cxperiroenla vre uncd plasmidpR W {nt 24)» wliidi 
haibours a dominant roi-6 allHe UiaL cnuses a readily distihguwhed. roller phe- 
noCypc in traiu^nic aniinvb, 3*0 co-tmnsromiation madarr. 

CunstiudioQ of IR gcnca. Wc amplified by PCR tsujn-iich genomic DNa 
(or cDNA) using two primcrj rfiar IiilrOilticeil unique restriction sirfti 
the fragment ends. Wc dlgestHt ihe aniph'/ivd rragmcnr whh one of (he 
enzymes and ligjtcd ro generate an IR. Wc llicn digested wilh |he oUter 
eniyine« the reitrictinn site for which ww poiilioned At tfic IR rnijinenl 
eudii, and ligatcd into ClAV-trcatcd vector pPD49.7« (rcf. 23), which 
Indudca the hp2€-2 pcumoler and ifae 3' LTTR ofnuisclc myosin iinc-5'f. 
Thf cDNAajiO uenomic n>3A anipliOed for RNAi rang*0 from 0.53 to 1.45 
kb, Allernaiiw doniiigsuatcgici induds*! (ll^cition aitwo fmiurdlly ocair- 



ring resfriclion «it» lo exdie the gun c fragment of iTrtcrra whh 5iihMqucni 
twQ-9tep tigaliun as above, or direct trl-molcculir Itguton of the doubly 
dfg«s\ed fnlt^dlml into ClA?-trcatcd vector previously Unearfrcd with nnc 
of tllr endunucJeasd at the fragment end. Wc found the cffidenqr of 
cloning mveried xrpcacs m be low but acceptable In the Escherichia eoH 
Dllfo strain (in general, a few per hundred candidates screened) inid res- 
tively high in the £ cd/i SURE stniti) (3Trt»WgeJ)e)» 0 b<i<^«i(ll hOJt lolcrtiH 
of IRs (about 1/20 candidate consTAiCt* correct). The hipiS-i^une-SUR) 
construct however, was Ji/Kicult to geuewle (1^0 ramlidale* screened, 
OJfl kb of cI3NA scqu<nce lu (tie rtpeuO for reasons lliul are not dear. 
SlowCT-gmwing Kjicterial transformaai colonies appear lo have an 
enhanced chance Of liarboufing the IR gene. The yield of plasmid DNA 
from m genff botbOureO in die li co/f UliSa itrain was low ("'3-5 }lg per 
SO ml cuUure]; when (he SUHE ctrain ma used si hoot, yidda were 
improved 00 jig per 50 ml culturcX Clone itnicmrc* were vcri/icU 
uang mulLiple reabricnon digests according to standard protocols. 

RNA Interference a<uay.i. Ror slattdard RNAi, wo prepared dsRNA from 
cDNAa or coding sequence-rich geitoni ic PNAs (0.58-1^1 kfo) injected 
into N2 luIuUs ai dcacrihcd'. Wc scored progeny bom to injected adults , 
( 1 0 adults per grvup) 1 2 b or more after injection (older pmgeny exhibit * 
lower phf nofOpy nte). For Kenclically directed RNAi mediated by CAprW- 
sion of 111 genes, we selected SO Iransgeaic xuUer L4S from lines harbour- 
ing various hsp-ic^imj con.nnicis phi0 co-fr.iasfbnnation plasinid pRF4 

{array tmnamissiun frequency >60%; rtf. 24) and reared contlounualy aC 
20 '*C (nun- beat shuck), 01 heat shocked for 4 h at 35 'C before returning 
ro 20 "C. Wv iCOnfd progeny of these onimala for phcnotypcs of interest at 
cmbryortfc or larval .irag** 04 uppcopriate. In aU experiments, ai le«« lOO 
aninialt were scored per experiiinent;il irqil. Co-e;(prNdun of vn>'(c and 
andscnse genes, which con be effective^', wm not i«ird, C37A2.5 ia 
required for drv«lopm«nial progrcGzlon past the L2 stage. Odcriun of 
chroojatin remodelling gene homolo^ue F26ri2.7 causes atcrility (5.f*.W. 
and M.Ut unpublished data). 'IVeatcd progeny of tcanagcnic lines hnr- 
bourifig fti|piff-2pF26Fl2.?(lH) were scored for the pcrccntagt that fqiled 
to develop into fertile adults. A similar .trritegy for in Ww disruption of a 
lecund M17, homoJogue, TKGa.l, yielded 3S*9& and 729«i srcrilc in proge- 
ny of two iUici scored after heat shock (daU not lUown), ft\K-< is 
ejipreweit in xix mcchanosciitoiy ncumiw .md is required for loudi flcnsl- 
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riviiy: Uoubte-suiinded tntiC'A UNA or plismid hjpJS'2^mcC"4(tR) waa 
I'niroducal into wHd-i/pc aninuls and progeny were Mattel for tuuch 
inscnsitivity. unc-a(ni9l) 'i$ a iloiiillianr gain «f-fimrtion muttinon that 
(iiWti coilii\e «Ad backward paxolycia; locnmndon In a lou-oF fuacUon 
mutant is nearly nonnai^. Double- Slrandetl unc-S HNA nr phiiuiU 
hspl6-2^imc-}S(lK) w&s intrnduccd intp rhc ni9l backftruund andpmgcny 
wttc d»a)*ed fur backing proficiency. NoCc that ta rcgaUi bttckin(( obOity. 
gctK erpixssion must b« knucked duwn in most Ufic*J>-cvpr<Sjing cells, 
-60 ncurnniL On ^vcrtige ai itQSt tiairoHuies Cor a ^ven gene as^ayvd cott- 
ferred potent Interference nn hear scrlvor'tOiL 
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